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ABSTRACT 
 
Life histories unfold within the ecological context of an organism’s environment, 
and thus are intimately linked to organismal fitness.  The evolution of alternate life 
history strategies, either within or between taxa, can profoundly affect ontogeny, ecology, 
and population dynamics.  Many cnidarians (sea anemones, corals, jellyfish, etc.) exhibit 
complex life histories involving sexual reproduction and multiple modes of asexual 
reproduction.  Sea anemones of the family Edwardsiidae exemplify this complexity, and 
are therefore an attractive system for studying the developmental and ecological 
ramifications of life history evolution.  I used intra- and interspecific comparisons of two 
Edwardsiid anemones, Edwardsiella lineata, and Nematostella vectensis to investigate 
alternative life histories using a multifaceted approach that included field-based 
ecological surveys, functional genetics, transcriptomics, and phylogenetics.  Both 
anemones are capable of sexual and asexual reproduction. N. vectensis produces a rapidly 
maturing direct developing larva. By contrast, E. lineata has evolved a new larval stage 
that parasitizes the ctenophore, Mnemiopsis leidyi.  Through fieldwork surveys and 
	  	   vii 
laboratory culture, I documented several life history traits, such as a previously un-
characterized, pre-parasitic larval stage, and the developmental dynamics of early-stage 
parasitic infections, that augmented gaps in our knowledge of E. lineata’s life history. To 
better understand how and when E. lineata evolved its novel, parasitic life history, I 
worked with collaborators in the Finnerty lab to sequence, assemble and annotate the 
transcriptome. Through a multigene molecular clock approach, enabled by the E. lineata 
transcriptome assembly, I estimated the divergence date for these two anemones between 
215-364 million years ago, thereby establishing an upper bound for the innovation of E. 
lineata’s derived, parasitic life history. Testing a hypothesis that Wnt signaling, which 
patterns the oral-aboral (OA) axis during embryogenesis, also patterns the OA axis 
during regeneration, I demonstrated that canonical Wnt signaling is sufficient for oral 
tissue fate across alternate life histories (embryogenesis and regeneration) of N. vectensis. 
Taken together, these dissertation research activities constitute an integrative approach to 
investigating the evolution of life histories, and are a step towards establishing E. lineata 
and N. vectensis as models for studying the evolutionary developmental mechanisms of 
parasitism and regeneration. 
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CHAPTER ONE 
ESTABLISHING A FRAMEWORK OF DEVELOPMENTAL MODULARITY AS 
A MECHANISM FOR LIFE HISTORY DIVERSIFICATION IN CNIDARIANS 	  
1.0 Introduction and acknowledgments 	   This chapter discusses the evolution of life history trajectories within the phylum 
Cnidaria using the paradigm of developmental modularity.  Cnidarian life histories 
appear to be quite labile, both within species with alternative life histories, between 
closely related lineages, and across deep evolutionary time. A portion of the text on 
developmental modularity comes from a book chapter on the mechanisms of asexual 
reproduction in Cnidaria that I co-authored with Adam Reitzel and John Finnerty, 
published in 2011 (Reitzel, 2011).  The wonderful, colorful, polyp cartoons were 
originally drawn by John Finnerty for this publication, and are used throughout this 
dissertation to illustrate modularity in life history trajectories (some were modified by me 
to illustrate specific life histories not covered in our book chapter, e.g., parasitism in 
Figure 1.8A & C).  The molecular mechanisms of cnidarian developmental modularity 
are discussed, with an emphasis on the role of Wnt signaling.  Life history modularity is 
then discussed further, in two specific life history contexts that are the focal point of 
chapters 3 and 4: parasitism and regeneration.  A portion of the text and associated tables 
and figures for the discussion of cnidarian parasitism comes from a review paper that is 
currently in preparation for publication on parasitism within the Cnidaria that I drafted, 
with editorial input from John Finnerty. 
	  	  
2 
1.1 Life history 
  “Life history” refers to the totality of the sequential stages of an organism’s 
reproductive cycle.  All life forms, therefore, possess life histories.  Multicellular 
organisms display a remarkable diversity of life histories composed of successive, often 
highly distinctive stages.   Successful completion of these stages is necessary for most 
organisms to pass along their genetic information to the next generation.  An organism’s 
life history is therefore intrinsically linked to its fitness.   
If life histories are so integral to the fitness of an organism, why are they so 
evolutionarily labile?  And how do novel life histories evolve from an ancestral life 
history repertoire?  Furthermore, many organisms can reproduce via multiple different 
life histories (e.g., sexual vs. asexual reproduction).  How are distinct life history 
trajectories manifest from the same genome?  This dissertation explores the evolution and 
development of life histories in a family of sea anemones through the paradigm of 
developmental modularity. 
 
1.3 Developmental modularity in life history diversification 
 The modular organization of organisms has become an overarching theme in 
evolutionary developmental biology (Schlosser and Wagner, 2004; Wagner et al., 2007).  
Modules are networks of interacting elements that behave in a semiautonomous manner 
(von Dassow et al., 2000). Under this definition, modularity applies equally well to many 
levels of biological organization including gene networks, tissue interactions, and 
morphological structures (Bolker, 2000; Smith and Krupina, 2001; Winther, 2001). The 
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origin of biological novelty can be understood, in part, by investigating how modules are 
constituted, how their constitution and interactions with other modules may be altered, 
and how their expression may change over the course of evolution (Dover, 2000).  
Because modules are semiautonomous, they should exhibit cohesion over evolutionary 
time, both within and across lineages. This expected property of modules facilitates their 
identification in interspecific comparisons (Harris et al., 2002; Mabee et al., 2002; 
Friedman and Williams, 2003; Poe, 2004). However, while comparisons between 
distantly related organisms are useful for identifying highly conserved developmental 
modules, comparisons between taxa of closer evolutionary relatedness may be more 
powerful for revealing the mechanisms of diversification (Jeffery and Swalla, 1992; 
Averof and Patel, 1997; Mabee et al., 2000; Schram and Koenemann, 2001).  A 
complementary approach to identifying modules through interspecific comparisons is 
provided by species where alternate developmental trajectories converge on the same 
adult phenotype.  Species with polyphenic larval or adult morphologies have been used to 
study how divergent gene regulation can generate unique phenotypes from identical 
zygotes (Phennig, 1990; Nijhout, 1999; Abouheif and Wray, 2002; Nijhout, 2003).  
Understanding developmental plasticity within species is particularly important because 
it may provide insight into the mechanisms underlying the generation of diversity at 
higher taxonomic levels while avoiding some of the confounding effects inherent in 
interspecies comparisons, such as gene loss, duplication or functional divergence (West-
Eberhard, 2003).  For example, the widely-studied homeodomain gene bicoid, which is 
crucial for establishing anterior-posterior polarity along the Drosophila embryo, is a 
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derived gene found in only some fly taxa – members of the Cyclorrhapha -- resulting 
from a Hox3 duplication event in the ancestral Dipteran lineage shared by Cyclorrhapha 
and the “lower” flies (Stauber et al., 1999; Stauber et al., 2002). 
 
1.4 Developmental modularity in the phylum Cnidaria 
1.4.1 Cnidarians 	   Cnidarians are a phylum of metazoans that last shared a common ancestor with 
bilaterian animals nearly 700 million years ago (Erwin et al., 2011).  The antiquity of the 
cnidarian-bilaterian divergence predates the Cambrian Explosion of bilaterian animals by 
approximately 160 million years.   The 12,000 or so extant cnidarian species are 
ecologically and morphologically diverse.  Cnidarians inhabit a wide range of 
ecosystems, spanning temperature clines from tropical to polar, and salinities ranging 
from marine to fresh water.  Many cnidarian taxa have profound impacts on their 
respective ecosystems.  For example, sea anemones influence the availability of hard 
substrate via their population density on temperate rocky shores (Francis, 1988); jellyfish 
blooms can impact pelagic food webs at multiple trophic levels (e.g., influencing 
abundance of copepods(Werwig Stibor, 2004; Purcell, 2005), fish larvae (Moller, 1984), 
and ctenophores (Purcell, 2005)); and aggregations of many coral colonies form the 
structural and biological foundation for the oceans’ most species-rich ecosystem, coral 
reefs (Moberg and Folke, 1999). 
Morphologically, cnidarians are comparatively more simple than triploblastic 
taxa: they lack a centralized nervous system, have two primary tissue layers instead of 
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three (ectoderm and endoderm; they lack mesoderm), and possess only a single opening 
to the body cavity, which functions as both the mouth and anus.  Yet, despite their 
outwardly simple appearance, cnidarians harbor a complex genomic repertoire, including 
genes from many developmental signaling pathways commonly utilized in triploblastic 
taxa (Finnerty et al., 2004; Kusserow et al., 2005; Matus et al., 2006a; Putnam et al., 
2007), and many structural genomic elements, such as introns, and blocks of linked genes 
– synteny – that are shared from sea anemones to humans (Sullivan et al., 2006a; Putnam 
et al., 2007).   
 
1.4.2 Cnidarian phylogeny 
There are two primary clades of cnidarians: anthozoans and medusozoans (Fig. 
1.1).  Anthozoans (sea anemones, corals, etc.) share the polyp body plan as adults.  
During sexual reproduction, adult polyps generate haploid gametes that produce a diploid 
embryo.  Development via embryogenesis typically results in the production of a motile, 
ciliated planula stage.  The polyp stage follows settlement of the planula and subsequent 
metamorphosis into the polyp.   
The medusozoa clade is comprised of three distinct cnidarian lineages: 
hydrozoans, scyphozoans, and cubozoans (Fig. 1.1).  These medusozoan taxa are united 
in that they generally possess a medusa stage interposed between the polyp and planula 
life history stages (Fig. 1.1).  Not all medusozoan taxa possess a medusa stage in their life 
cycle, as this stage has been independently lost in some lineages, such as Hydra.   
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Evidence has accumulated over the past decade that the Myxozoa, which had 
been phylogenetically en vagus for much of the 20th century, are actually cnidarians 
(Jiménez-Guri et al., 2007; Evans et al., 2010; Nesnidal et al., 2013).  As exclusive 
parasites, the inclusion of myxozoans in the cnidarian family tree substantially broadens 
the taxonomic, ecological and developmental diversity of the phylum.   
 
1.4.3 Evidence of modularity in cnidarian developmental programs 
Developmental modules exhibit the following properties: a) autonomous or semi-
autonomous genetic regulatory networks; b) hierarchical composition; and, c) discrete 
physical location (Bolker, 2000). Furthermore, modules interact in networks with one 
another, and they may undergo evolutionary and developmental transformations (Dover, 
2000). Comparisons of life histories among cnidarians (Figures 1.3, 1.4) reveal highly 
modular developmental processes consisting of discrete, recognizable anatomical 
components.  
 I co-authored a book chapter with Adam Reitzel and John Finnerty that broadly 
defined thirteen distinct developmental modules based on published observations of 
several forms of clonal reproduction in cnidarian polyps (Reitzel, 2011).  Despite the fact 
that these observations stem from asexual modes of reproduction, the modular 
classification scheme is also broadly applicable to sexual and asexual modes of 
anthozoan reproduction (Fig. 1.4). These provisional definitions are necessarily broad as 
they are based on developmental processes at the gross morphological level, and they are 
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based on a simplified model of polyp anatomy (Figure 1.2C). We divided the polyp into 
three main body regions (oral region, column, and aboral region), and we recognize three 
distinct structures (the ‘mouth’, the tentacles, and the ‘foot’, which may be either a flat 
“pedal disc” or a bulbous extensible “physa”; Figure 1.2).  A detailed examination of any 
particular taxon would allow much finer anatomical resolution, but this rudimentary 
model applies equally well to polyps from all four classes of cnidarians. Furthermore, 
despite the simplicity of the anatomical model, and the fact that our survey of 
reproductive modes is undoubtedly incomplete given the paucity of cnidarian diversity 
that has been characterized (interested readers are directed to reviews by (Shostak, 1993; 
Fautin, 2002)), we observed a number of qualitative shifts in the deployment of 
individual modules across diverse cnidarian asexual reproductive modes (Figure 1.3).  
 
1.4.4 A modular paradigm for the generation of cnidarian life history 
diversity 	   We hypothesized that the diversity in cnidarian life histories can be explained by 
changes in the temporal order and/or the spatial deployment of these modules (Figure 
1.4).  The shifting of putative developmental modules can be observed by comparing the 
spatio-temporal pattern of polyp anatomy across distinct life history trajectories.  For 
example, a comparison of morphogenesis following sexual reproduction and during 
various modes of clonal reproduction reveals qualitative spatial and temporal differences 
in physiological processes (e.g., “healing”; Table 1.1; Figure 1.4B vs. 1.4C) and the 
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development of anatomical structures (Figure 1.2C) along the two axes of bilateral 
symmetry of the polyp bauplan:  
• Differences in the type and number of body axes.  In sexual reproduction, the 
primary (oral-aboral) and secondary (dorsal-ventral) body axes of the developing 
embryo must be established (Figure 1.4A). By contrast, during asexual reproduction 
via transverse fission (1.4B, C), and in regeneration (4.3D), there is no need to 
establish the primary body axes de novo, as the directive axis remains intact, and the 
primary axis is developed from existing tissue.  Unlike larval development, physal 
pinching, or polarity reversal, another form of asexual reproduction, termed 
longitudinal fission, requires only a re-patterning of the directive axis, and not the 
primary axis (Figure 1.4D).  
• Differences in the orientation of the primary axis.  In some types of asexual 
reproduction, such as transverse fission via “physal pinching” and in regeneration, 
morphogenesis of “missing” tissue in each asexual propagule occurs along the 
primary axis in the same orientation as the parental primary body axis.  However, in 
some types of asexual reproduction, such as with polarity reversal, (Figure 1.4C), a 
new primary axis oriented 180° to the original axis must be established.  
• Differences in the temporal pattern of developmental events. Morphogenesis of 
the oral region can occur at the outset of asexual reproduction (Figure 1.3C), at the 
close of asexual reproduction (Figure 1.3B), or not at all (Figure 1.3D).  Temporal 
differences can also be observed for the process of fission, which occurs variously at 
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the outset of physal pinching (Figure 1.4B), at the close of polarity reversal (Figure 
1.4C), and not at all during larval development (Figure 1.4A).  
These examples illustrate that equivalent developmental processes can undergo 
differential spatial and temporal deployment and result in identical end products (i.e., two 
complete polyps). Such temporally labile development of the same process or 
morphological structure (i.e., tentacles) suggests an underpinning semi-autonomous 
genetic architecture. 
 
1.4.5 Elucidating the genetic architecture of cnidarian developmental 
modules 
Organismal-level comparisons of the developmental trajectories among cnidarian 
life history modes reveal conserved morphological components forming discrete 
modules.  Because morphology is a phenotypic manifestation of molecular processes, the 
anatomical structures (e.g., oral opening, tentacles) that form during development are 
ultimately driven by changes in gene expression and protein-protein interactions.  By 
definition, homologous anatomical modules should involve the same, or at least broadly 
similar, gene networks regardless of the context in which they are deployed.   Therefore, 
a potentially insightful method for discovering the genetic architecture underlying 
development of putative anatomical modules is to identify genes that are specifically 
associated with the development of a particular structure in multiple developmental 
modes. Advancements in our understanding of the molecular mechanisms of cnidarian 
development are placed in historical context below.  The following section, 1.5, discusses 
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modularity of cnidarian developmental programs using Wnt signaling as the focal 
example.   
In 1901, Thomas Hunt Morgan, then working at Bryn Mawr College in the leafy 
suburbs of Philadelphia, proposed a “stuff-hypothesis” to explain his observations of 
tissue polarity phenotypes in regenerating hydroids, planarians and annelids.  He writes: 
“We might make an appeal to the hypothesis of formative stuffs, and assume that there 
are certain substances present in the head, and others in the tail, of such a sort that they 
determine the kind of differentiation of the new part” (Morgan, 1901).  Approximately 
half a century later, noted mathematician, World War II cryptanalyst, and computer 
scientist, Alan Turing further defined Morgan’s “stuff”, as a morphogen (“form 
producer”), a chemical substance acting via a reaction-diffusion gradient with another 
morphogen to produce patterns (Turing, 1953).  For 35 years after Turing’s paper, 
however, no actual morphogen was identified, and Turing’s model of reaction-diffusion 
pattern formation via morphogens remained purely theoretical.  The first protein 
identified that matched the criteria of a morphogen was the Drosophila homeodomain 
protein, Bicoid, identified through the pioneering work of Hans-George Frohnhöfer and 
Christiane Nüsslein-Volhard in 1986 (Frohnhofer, 1986), and Wolfgang Driever and 
Christiane Nüsslein-Volhard in 1988 (Driever and Nusslein-Volhard, 1988b; Driever and 
Nusslein-Volhard, 1988a).   Though Bicoid was the first morphogen to be identified, it is 
somewhat atypical among subsequently identified morphogens in that (1) it is a 
transcriptional regulator, and (2) its gradient acts in a syncytium, rather than between 
individual cells (Rogers and Schier, 2011).  The first extracellular morphogen to be 
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identified was the transforming growth factor ß (TGFß) family member Decapentaplegic 
(Dpp), in Drosophila (Ferguson and Anderson, 1992).  Several other extracellular 
morphogen ligands were identified in the 1990s, including Drosophila Wnt family 
member Wingless (Wg) (Zecca et al., 1996; Neumann and Cohen, 1997), and Drosophila 
Hedgehog (Heemskerk and DiNardo, 1994; Strigini and Cohen, 1997).  In 2014, Turing’s 
mathematical theory of pattern formation was validated in an abiological system of 
“chemical cells” (Tompkins et al., 2014).  Experiments in mice have recently shown Hox 
genes to regulate the wavelength of a Turing-type mechanism of digit patterning in the 
autopod of vertebrate limbs (Sheth et al., 2012). 
Despite a rich history of study that has yielded significant contributions to 
biological science throughout the past several hundred years (e.g., the advent of 
experimental biology through Abraham Trembly’s work on Hydra regeneration in 1744 
(Trembly, 1744; Lenhoff, 1986); discovery of Hydra tissue with the property of an 
organizer by Ethel Browne in 1909 (Browne, 1909; Bode, 2012), fifteen years before 
Spemann & Mangold published their work on newt embryos; and discovery of 
fluorescent proteins from the hydromedusa Aqueoria by Osamu Shimomura in the 1960s  
(Shimomura et al., 1962; Shimomura et al., 1963a; Shimomura et al., 1963b)), knowledge 
of the genetic mechanisms of development in cnidarians lagged behind that of 
deuterostome and protostome model systems up through the end of the 20th century.  For 
example, by the late 1990s, there appeared to be a marked distinction in gene repertoire 
between triploblastic taxa, and many “basal” metazoans, such as cnidarians, ctenophores, 
and sponges (Knoll and Carroll, 1999).  As of 1999, only a couple orthologs of bilaterian 
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Hox genes (Finnerty and Martindale, 1997; Sun et al., 1997; Finnerty, 1998; Martinez et 
al., 1998; Schierwater and Kuhn, 1998; Finnerty and Martindale, 1999), and a single Pax 
homeobox gene (Sun et al., 1997) had been found in cnidarians (Knoll and Carroll, 
1999).  Diploblastic animals were also believed to possess fewer intracellular signaling 
molecules and a smaller battery of transcription factors than triploblastic taxa (Knoll and 
Carroll, 1999).   
Our understanding of the cnidarian developmental toolkit and genomic landscape 
has changed dramatically over the past fifteen years.  We now know that the cnidarian 
repertoire of extracellular signaling pathways (Hobmayer et al., 2000) and transcription 
factors (Sullivan et al., 2007a) is much more robust, and comparable to triploblastic taxa, 
than previously appreciated.  Secondly, during this time numerous studies have shown 
that cnidarian homologs of genes known to play axial patterning roles in triploblastic taxa 
can exhibit sharp boundaries of gene expression, suggesting they may play a role in axial 
patterning in the Cnidaria.  Many of these studies were performed on two anthozoan 
model systems, the starlet sea anemone Nematostella vectensis and the staghorn coral 
Acropora millepora (Hayward et al., 2002; Finnerty et al., 2004; Martindale et al., 2004; 
Kusserow et al., 2005; Magie et al., 2005; de Jong et al., 2006; Matus et al., 2006a; Matus 
et al., 2006b). For example, many homeobox genes and Wnt genes exhibit axially 
restricted expression in developing N. vectensis, and they have been suggested to 
constitute part of the animal’s axial patterning gene network (Finnerty et al., 2004; 
Kusserow et al., 2005).  In the past decade, gene expression patterns for diverse gene 
families in the jellyfish, Clytia hemisphaerica, have also been shown to exhibit axially 
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restricted expression, suggestive of a role in patterning the medusa bauplan (Chevalier et 
al., 2006; Momose et al., 2008; Amiel and Houliston, 2009; Chiori et al., 2009; Jager et 
al., 2011).  
 
1.5 Defining the modular genetic architecture: Wnt signaling as a 
component of cnidarian developmental modularity 	  
1.5.1 The Wnt signaling pathway 	  
Wnts are secreted ligands that activate conserved signaling pathways that 
influence cell fate and proliferation in multiple processes during animal development and 
diseases (Nelson and Nusse, 2004), including cancer (Polakis, 2000).  Wnt signaling is 
initiated when Wnts bind to and activate specific receptors on the cell surface. There are 
three branches of Wnt signaling (Figure 5): (1) the canonical Wnt/ß-catenin branch, (2) 
the Wnt/Jun kinase branch (planar cell polarity), and (3) the Wnt/Ca2+ branch.  
Transduction of the Wnt signal is carried out by many intracellular molecules that 
transmit the signal through separate branches to different effector molecules (Grigoryan	  et	  al.,	  2008).	   
The canonical Wnt/ß-catenin pathway controls cytosolic levels of ß-catenin, a 
protein whose duel functions include cell-cell adhesion, and transcription of Wnt target 
genes in Wnt-mediated cell-cell signaling (Clevers,	  2006).  Canonical Wnt/ß-catenin 
signaling is initiated when Wnt ligands bind to a complex on the membrane of target cells 
consisting of Frizzled proteins (Fz) and lipoprotein receptor-related proteins 5 and 6 
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(LRP5/6) (Bartscherer et al., 2006).  The signal is transmitted through phosphorylation of 
the intracellular protein Disheveled (Dsh), which leads to disruption of the ß-catenin 
destruction complex, thereby preventing cytosolic degradation of ß-catenin.  In the 
absence of Wnt signaling, the ß-catenin destruction complex, which consists of Axin and 
Adenomatosis Polyposis Coli (APC) along with the protein kinases GSK-3ß and CK1, 
controls cytosolic levels of ß-catenin by targeting it for degradation in proteasomes 
(Clevers, 2006). Wnt signaling blocks the cytosolic degradation of ß-catenin, resulting in 
its cytosolic accumulation and nuclear translocation. Upon entering the nucleus, ß-catenin 
complexes with T-cell factor/lymphoid enhancer factor (TCF/LEF-1), displacing 
Groucho and leading to transcription of Wnt target genes (Behrens et al., 1996) (Fig 1.6).  
Proteins in the TCF family occupy a specific motif in promoters and enhancers of 
target genes (Korinek et al., 1997).  Interaction of TCF proteins with this motif represses 
transcription by inducing conformational changes in DNA (Barker, 2008) and by 
recruiting members of the Groucho family of transcriptional co-repressors (Fisher and 
Caudy, 1998).  In Wnt signaling, ß-catenin promotes activation of Wnt target genes by 
directly displacing Groucho (Daniels and Weis, 2005) and also through recruitment of 
co-activator proteins, many of which interact directly with the C-terminus of ß-catenin 
(Clevers, 2006).  Many of the target genes and the transcriptional outputs of Wnt 
signaling appear to be cell type-dependent, and there is no clear consensus on whether a 
“universal” set of Wnt/TCF target genes exists (Clevers, 2006).   Wnt signaling can 
promote maintenance and activation of stem cells (Reya and Clevers, 2005) as well as 
promoting such disparate cellular events as proliferation and terminal differentiation of 
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post-mitotic cells (Clevers, 2006).  Additionally, Wnt target genes include a number of 
positive and negative regulators of the pathway (for a comprehensive list, see the Wnt 
homepage (http://www.stanford.edu/~rnusse/pathways/targetcomp.html), maintained by 
Roel Nusse).   
 
1.5.2 Wnt signaling and cnidarian development 
 
Within the past 15 years, a rapidly expanding literature has developed describing 
the conservation of genes in the Wnt signaling pathway and the expression of Wnt genes 
and other members of the gene network in the Cnidaria (Lee et al., 2006; Ryan and 
Baxevanis, 2007).  Together, these data suggest that Wnt signaling is highly conserved 
among cnidarians and that Wnt/ß-catenin signaling is involved in specification of the oral 
region.  In Hydra, canonical Wnt/ß-catenin signaling is necessary for establishing oral 
identity when regenerating missing oral structures following experimental bisection of 
the body column and during asexual reproduction via lateral budding (Lee et al., 2006).  
Investigations into Wnt/ß-catenin signaling during embryogenesis in Nematostella and 
Clytia have identified a critical role in specifying axial polarity during embryo 
development (Kusserow et al., 2005; Momose et al., 2008), respectively.  Similarly, 
canonical Wnt/ß-catenin signaling is instrumental in oral determination and axis 
patterning in the hydroid Hydractinia (Purcell, 2007; Liu et al., 2009).  From this 
taxonomically and developmentally broad collection of studies, it appears that Wnt/ß-
catenin signaling plays a conserved role in specifying the axial identity of tissue that will 
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develop into the oral crown of the adult polyp, regardless of whether the process is 
occurring in embryogenesis, asexual reproduction, or regeneration.  Of note, response to 
pharmacological disruption of Wnt/ß-catenin signaling also appear to be broadly 
conserved among cnidarians, as application of lithium or paullones results in severe 
disruption of the primary axis in multiple cnidarian species (Matus et al., 2006b; Plickert 
et al., 2006; Lengfeld et al., 2009). Thus, Wnt/ß-catenin signaling is likely to be a well-
conserved component of the developmental module that coordinates oral identity during 
cnidarian development.    
 
1.5.3 Wnt signaling in regeneration  	   Among its many functions during animal development, canonical Wnt/ß-catenin 
signaling plays a conserved role in the specification of axial polarity during 
embryogenesis from sea anemones (Wikramanayake et al., 2003)	  to mice (Huelsken et 
al., 2000; Petersen and Reddien, 2009); however, its role during regeneration has only 
recently been revealed.  Wnt/ß-catenin signaling is required for regeneration of 
amputated limbs in axolotls and fins in Zebrafish (Kawakami et al., 2006).  In Planarians, 
Wnt/ß-catenin regulates the anterior-posterior axis of regenerating tissue (Petersen and 
Reddien, 2008). Wnt/ß-catenin signaling has also been implicated in formation of the 
oral-aboral axis and establishment of the head organizer during regeneration and asexual 
budding in the cnidarian Hydra (Hobmayer et al., 2000). Prior to this dissertation, the role 
of Wnt/ß-catenin signaling had not been investigated during regeneration in 
Nematostella. 
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1.6 Regeneration as a model for studying developmental modularity 	   Few adult vertebrates can regenerate lost or damaged tissue, with the notable 
exception of urodele amphibians (newts and salamanders). The limited capacity of 
humans to regenerate exacts a high cost in terms of health care expenditures, lost 
economic productivity, diminished quality of life, and premature death (Stocum, 2002).  
Humans are able to regenerate some tissues, such as blood vessels, liver, bone and some 
muscles, but we are less adept at repairing other tissues, such as spinal cord, heart muscle 
and lung, after injury (Stocum, 2002).  However, even human bone and muscle tissue 
have limited regenerative capacity: minor injuries heal well, but loss of limbs or digits is 
permanent.  The mechanisms governing regenerative potential are currently not fully 
known, and an understanding this process could have significant human health 
applications.  
Regeneration is widely distributed among metazoan phyla; however, there is a 
remarkable disparity in regenerative capacity among taxa.  The major model systems in 
developmental biology such as Drosophila, Mus, and C. elegans, have relatively low 
regenerative ability.  Other animal models, such as newts, planarians, and cnidarians can 
undergo complete regeneration of missing appendages or even re-grow amputated tissue 
after being cut in half.  In addition to their ability to regenerate following substantial 
tissue loss, these later organisms can regenerate tissue types that humans and other 
mammals typically cannot, such as nervous tissue.  
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 It should be self-evident that if we wish to understand the mechanistic basis of 
regeneration we need to study model organisms that are capable of regeneration.  Results 
from studies in taxa with higher regenerative capabilities indicate that regeneration is 
likely to involve the adult re-activation of developmental programs that are normally 
confined to embryogenesis (Stewart et al., 2009).  For example, in addition to their roles 
during embryogenesis, the receptor tyrosine kinase (Boilly et al., 1991), Transforming 
Growth Factor ß (TGFß) (Beck et al., 2006) and Wnt signaling pathways (Kawakami et 
al., 2006) are involved in regeneration in several animal models.  However, if 
regeneration simply uses the same pathways that have been exhaustively studied in 
embryogenesis, why bother studying them in regeneration (Sanchez Alvarado, 2004)?  
There are several reasons.  One is that even though the common developmental “toolkit” 
is widely shared throughout metazoans, the ability to replace structures or tissue types 
lost to damage or amputation is not nearly so widespread.  This actually cuts to the heart 
of an apparent paradox of the developmental modularity paradigm: how can the diversity 
of metazoan morphologies, cell fates, and functions be generated by only a handful of 
conserved signaling pathways (Sanchez Alvarado, 2004)?  One contributing factor is 
likely to involve cell and tissue-specific context.  Regeneration differs from 
embryological development in that it involves integrating existing, fully differentiated 
tissues with newly forming tissues.  This can be a complex process, requiring anatomical 
and physiological integration of many structures and tissue types, (i.e., bones, muscle, 
blood vessels and nervous tissue, as in newt limb regeneration). Thus, regeneration is 
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likely to expose well-studied developmental pathways to tissue and developmental 
contexts that are far less well characterized.  
 A second rationale for studying potentially pleiotropic pathways in regeneration is 
comes in the form of a somewhat circular reasoning.  The aforementioned pleiotropy is 
suggestive of a modular re-deployment of developmental programs typically utilized 
during embryogenesis within the non-embryonic context of regenerating adult tissue.  
Ergo, comparing alternative life history trajectories, such as regeneration and 
embryogenesis, could be a valuable approach towards identifying conserved 
developmental modules and their molecular architecture as they are deployed in 
alternative life history contexts.  
 
1.7 Parasitic life histories: models for studying developmental modularity 	  
1.7.1 The evolutionary significance of parasitism  	  
Parasitism is an important life history strategy for many metazoan taxa. In fact, 
parasitic species are thought to outnumber free-living species by a substantial margin 
(Price, 1980; Windsor, 1998).  As evidence of the pervasiveness of this life history trait, 
parasitism has evolved in at least 12 different metazoan phyla (Table 1.2).   Some 
metazoan lineages even appear somewhat prone to parasitism; for example, parasitism 
has evolved independently at least nine times in the phylum Nematoda (Blaxter, 1999; 
Dorris et al., 1999; Holterman et al., 2006).  By one estimate, there are a minimum of 
105,000 parasitic species on earth (Poulin and Morand, 2004; Poulin, 2007).  
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Parasitism has profound effects on free-living organisms in a number of ways.  
For example, parasites are implicated in the evolution and maintenance of sex (Howard 
and Lively, 1994; Morran et al., 2011).  Parasites are thought to have influenced the 
evolution of immune systems (Schulenburg et al., 2009).  Evolution of parasitism from 
free-living ancestors can radically alter organismal life histories (i.e., polyembryony in 
parasitoid wasps (Grbić and Strand, 1998; Grbic, 2003)).  Local host-parasite coevolution 
may drive speciation (Blais et al., 2007) and parasites can alter host behavior to increase 
chances of transmission to a new host (Lafferty and Morris, 1996; House et al., 2011). 
 
1.7.2 Parasitism in the Cnidaria  
 Most cnidarians are predatory animals that use stinging cells (cnidocytes) within 
their tentacles to prey on other animals.  Given the early evolutionary emergence of 
cnidarians, they were likely among the first active predatory animals on the planet (Erwin 
et al., 2011). In addition to predation, many cnidarians obtain nutrients via a symbiotic 
relationship with photosynthetic dinoflagellates living inside their tissue (symbiosis with 
dinoflagellates is particularly common among reef-building corals, but is also found in 
freshwater Hydra as well).  A third trophic strategy, parasitism, is more prevalent within 
the Cnidaria than is generally recognized. For example, one of the few authoritative 
treatments of parasite evolution and ecology (Poulin, 2007) lists only one parasitic 
cnidarian, of undetermined identity.  However, at least two of the four major cnidarian 
lineages, the anthozoans and hydrozoans, are known to contain species with parasitic life 
histories.  Additionally, the Myxozoans are a group of about 2,000 exclusively parasitic 
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species whose phylogenetic affinity with cnidarians is well supported by studies over the 
past decade (Jiménez-Guri et al., 2007; Evans et al., 2010; Nesnidal et al., 2013).  With 
the inclusion of Myxozoans, the number of cnidarian taxa totals approximately 12,000 
species, of which roughly 2,000 – or about 8 percent – are known to be parasitic (Table 
1.2).  Parasitism has evolved independently in at least five major cnidarian lineages:  the 
Anthozoa, Hydrozoa, Scyphozoa, Polypoidazoa, and Myxozoa.  Only the Cubozoa (“box 
jellyfishes”) are not known to contain parasitic members at this time.  Collectively, 
cnidarians parasitize at least 10 different animal phyla (Table 1.2; tables 1.3-10).   
 
1.7.3 Anthozoan parasites  There	  are	  at	  least	  nine	  Anthozoan	  species	  that	  engage	  in	  parasitic	  relationships	  with	  other	  organisms	  for	  at	  least	  a	  portion	  of	  their	  life	  cycle	  (Table	  1.3).	  	  Within	  the	  family	  Edwardsiidae,	  Edwardsiella	  lineata,	  parasitizes	  pelagic	  ctenophores	  (Agassiz,	  1865;	  Mark,	  1884;	  Crowell,	  1976;	  Bumann	  and	  Puls,	  1996;	  Reitzel	  et	  al.,	  2007a).	  	  There	  are	  at	  least	  seven	  species	  within	  the	  Halaclavidae	  –	  all	  of	  which	  are	  in	  the	  genus	  Peachia	  –	  whose	  larvae	  parasitize	  a	  variety	  of	  hydro-­‐and	  scypho-­‐medusae	  (Agassiz,	  1865;	  Mark,	  1884;	  Badham,	  1917;	  McIntosh,	  1927;	  Panikkar,	  1938;	  Blackburn,	  1948;	  Spaulding,	  1972;	  Soong	  and	  Lang,	  1992;	  Riascos	  et	  al.,	  2013).	  	  	  Additionally,	  the	  larvae	  of	  a	  Halcampoidiid	  anemone,	  Halcampella	  
chrysanthellum,	  parasitizes	  hydrozoan	  medusa	  of	  the	  genus	  Clytia	  (Haddon,	  1888).	  	  There	  is	  also	  a	  report	  of	  an	  actinian	  polyp	  parasitic	  upon	  the	  glaucathoe	  larvae	  of	  the	  hermit	  crab	  Paguropsis	  typica	  in	  the	  Indian	  Ocean	  (Wolfgang	  Schafer,	  1983).	  	  
	  	  
22 
The	  parasitic	  anemone	  had	  several	  anatomical	  modifications	  to	  the	  polyp	  body	  plan,	  such	  as	  extremely	  reduced	  tentacle	  length	  (0.25	  mm)	  and	  pronounced	  external	  bilateral	  symmetry	  of	  the	  body	  column,	  that	  are	  potentially	  morphological	  modifications	  to	  a	  parasitic	  life	  style	  clasping	  to	  the	  underside	  of	  a	  pelagic	  crustacean	  larvae.	  	  	  Recently,	  a	  new	  family	  of	  sea	  anemones,	  the	  Spongiactinidae,	  was	  described	  from	  specimens	  embedded	  within	  the	  canals	  of	  the	  glass	  sponge,	  
Hyalonema	  sieboldi	  (Sanamyan,	  2012).	  	  This	  particular	  sponge	  is	  also	  host	  to	  zoanthids,	  which	  encrust	  its	  stalk.	  	  The	  fitness	  consequences	  of	  these	  associations	  are	  not	  known,	  but	  it	  is	  plausible	  that	  the	  Spongiactiniid	  anemones	  are	  indeed	  parasitic,	  as	  they	  may	  obstruct	  water	  flow	  throught	  the	  sponge’s	  canal	  system.	  The	  zoanthids	  may	  not	  impose	  a	  burden	  on	  their	  host,	  and	  thus	  might	  not	  be	  truly	  parasitic.	  	  
1.7.4 Hydrozoan parasites  	   There	  are	  at	  least	  eight	  parasitic	  species	  within	  the	  family	  Pandeidae,	  including	  five	  that	  parasitize	  various	  fish	  (Fewkes,	  1887;	  Martin,	  1975;	  Boero,	  1991);	  at	  least	  one	  that	  is	  a	  hyperparasite	  on	  a	  parasitic	  copepod	  of	  fish	  (Jungersen,	  1913;	  Moser,	  1978;	  Schuchert,	  2007)	  (Illustration	  1.3);	  and	  two	  that	  parasitize	  pelagic	  pteropod	  Molluscs.	  	  	  In	  the	  description	  of	  the	  Type	  specimen	  for	  the	  genus	  
Hydrichthys,	  Fewkes	  described	  the	  polyps	  as	  “destitute	  of	  tentacles”	  (Fewkes,	  1887).	  	  	  A	  loss	  of	  tentacles	  also	  appears	  to	  be	  common	  in	  other	  members	  of	  this	  genus	  with	  parasitic	  life	  histories.	  	  Interestingly,	  a	  species	  of	  Hydrichthys	  that	  parasitizes	  a	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parasitic	  copepod	  of	  lanternfish	  castrates	  the	  copepod,	  which	  in	  turn,	  castrates	  the	  host	  fish	  (Moser,	  1978).	  	  	  At	  least	  two	  members	  of	  the	  Pandeidae	  parasitize	  pelagic	  Pteropod	  molluscs,	  as	  does	  a	  member	  of	  the	  family	  Hydractiniidae	  (Kramp,	  1921).	  	  Members	  of	  the	  Proboscidactylidae	  family	  are	  known	  to	  parasitize	  polychaete	  worms.	  	  	  A	  species	  of	  proboscidactyla	  (Hand,	  1950)	  was	  observed	  eating	  particles	  of	  food	  directly	  off	  the	  branchial	  filaments	  of	  its	  host.	  	  	  	  
1.7.5 Myxozoans (exclusively parasitic)  
Myxozoans are microscopic, obligate parasites, whose relationship to other 
metazoans has long been difficult to unravel.  They were originally classified as protists, 
however; based on several characteristics, such as multicellularity of some life stages, 
tight junctions, and presence of collagen, they were subsequently recognized as 
metazoans (Siddall et al., 1995; Kent et al., 2001; Canning and Okamura, 2004). Recent 
evidence places myxozoans within the Cnidaria (Jiménez-Guri et al., 2007; Evans et al., 
2010; Nesnidal et al., 2013), possibly as a sister group to the Medusozoa (Nesnidal et al., 
2013).   
The two main types of myxozoans, the Myxosporea and Malacosporea differ in their 
life histories and species composition (Kent et al., 2001; Canning and Okamura, 2004; 
Lom and Dykova, 2006).  The largest subgroup, Myxosporea, includes about 2,180 
species.  The Malacosporean group, on the other hand, is known from just four species, 
all of which contain a life stage in their life cycle as parasites of freshwater bryozoans.  In 
totality, the Myxozoans are highly successful parasites of a wide variety of fish (27/46 
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orders; Table 1.8) and Amphibians (table 1.6).  They are also found in reptiles, birds, and 
mammals (Tables 1.7).  Parasitism of homoeothermic, terrestrial mammalian hosts 
represents a significant niche expansion for the cnidarian phylum.   
Myxozoa have wide-ranging effects on their hosts.  For example, some taxa are 
pathogens of economically important fishes: myxosporean Myxobolus cerebralis and 
Tetracapsuloides bryosalmonae are the causative agents for whirling disease and 
Proliferative Kidney Disease (PKD), respectively, in salmonids (Sterud et al., 2007; 
Bettge et al., 2009; Grabner and El-Matbouli, 2009; Skovgaard and Buchmann, 2012; 
Nesnidal et al., 2013); Henneguya ictaluri is the pathogenic agent of “Hamburger 
disease”/Proliferative Gill Disease in catfish (Griffin et al., 2009; Griffin et al., 2010); 
and Kudoa thyrsites is responsible for post-mortem myoliquification of fish meat, a 
softening of the flesh that renders the fish meat un-marketable for sale for human 
consumption (Whipps and Kent, 2006).   A species of the Myxidium genus has also been 
fingered as the causative disease agent plaguing endemic Australian frogs, for which the 
invasive Cane toad may represent a reservoir of native myxozoan pathogen (Hartigan et 
al., 2011). 
 
1.7.6 The utility of parasitism to study the evolution of development in life 
histories  
 Given the ecological and evolutionary significance of parasitism – on both hosts 
and parasites themselves – the evolutionary development of their life history from free-
living ancestors is of considerable interest.  While there is no universal mode of 
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becoming a parasite – or even a universal type of parasite – the evolution of parasitism 
frequently involves major alterations in an animal’s ontogeny and body plan. The 
developmental changes that accompany parasitism are likely to involve changes similar 
to those that have been observed for the evolution of animal development generally. 
Rather than inventing a new gene-regulatory network to direct the development of a new 
body structure, a pre-existing developmental regulatory network may become co-opted to 
perform a new function in the parasitic ontogeny. As a result, over the course of an 
organism’s life, a handful of pleiotropic signaling pathways are deployed in multiple 
different contexts, i.e., in a modular fashion coordinated with the life history stage and 
developmental context at a given time. Developmental modules may also be co-opted or 
deployed in a different temporal order or spatial relationship than in free-living taxa  
(Figure 1.8).  For example, the pharynx of most sea anemones is used during food 
ingestion, in which food is typically brought to the anemone’s mouth ensnared by one or 
more tentacles.  Circulation of food and water into the anemone’s gastrovascular cavity is 
facilitated by the siphonoglyph, a ciliated tract running along one side the directive axis 
of pharynx.  However, in the parasitic anemone, Edwardsiella lineata, the pharynx is 
well-developed in the parasitic stage, but the animal lacks tentacles or a siphonoglyph 
(Reitzel et al., 2009b) (Figure 1.8; Illustration 1.1).  Thus, some phenotypic 
characteristics of the pharynx are present in the parasitic stage, but the context and co-
expressed developmental modules differ from those of the mature, free-living polyp life 
stage.  (Figure 1.8A-B).  A similar modular reduction in the polyp bauplan is also evident 
in the parasitic hydrozoan, Hydrichthys miras, in which gastrozoid polyps lack tentacles – 
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a morphological feature found in free-living hydrozoan polyps, and also in the successive 
medusoid life stage through which this taxa’s life history progresses (Figure 1.8C-D; 
Illustrations 1.2-3) – and use their mouths to feed directly off the flesh and blood of their 
fish hosts. 	  
1.8 Selection of model organisms 	   The class Anthozoa comprises approximately 7,500 extant cnidarian species.  
Although contemporary phylogenetic analyses do not converge on a consensus anthozoan 
phylogeny (e.g., (Daly, 2003; Kayal et al., 2013; Kitahara et al., 2014; Lin et al., 2014; 
Stampar et al., 2014), a recent mtDNA phylogeny suggests that anthozoan taxa fall into 
three subclasses: Hexacorallia (sea anemones, coral), Octocorallia (Gorgonians, Sea 
Pens), and Ceriantharia (Tube Anemones) (Figure 1.9) (Stampar et al., 2014).  The 
relationship between hexacorallian lineages remains a topic of fertile investigation and 
little consensus; however, a number of analyses place either the actiniaria (sea anemones) 
or zoantharia as the earliest-branching Hexacorallian lineage (Figure 1.9).  The focal taxa 
of my dissertation research are two sea anemones within the Edwardsiidae family: 
Nematostella vectensis and Edwardsiella lineata (Fig. 1.9).  
Sea anemones are generally sessile and solitary when in their mature, polyp life 
stage (Figure 1.2B-C). The Edwardsiidae is a family of primarily burrowing sea 
anemones that live in coastal marine and estuarine environments.  Their anatomy is 
comparatively more simple than other sea anemones: they have fewer complete 
mesenteries (mesenteries spanning the entire gastrovascular cavity, connecting the body 
wall to the pharynx), lack marginal sphincter muscles in the upper column, and lack the 
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basal disk and basilar muscles that are used by many other anemones to adhere to hard 
substrates (Daly et al., 2002).  Instead of the muscular pedal disk of most anemones, 
Edwardsiid anemones have an extensible, bulbous aboral end, or physa, which in many 
species is used to burrow up to their tentacles in soft substrates, where they lie with their 
tentacles outstretched along the sediment.   
Although the Edwardsiidae contains many cryptic and poorly understood species, 
it has historically been of interest in disentangling anthozoan phylogenetic relationships 
(McMurrich, 1891; Hyman, 1940; Hand, 1966) (see (Daly, 2002a) for excellent 
discussion of the historical, morphological, and evolutionary significance of the 
Edwardsiidae).  The anatomical simplicity of adult Edwardsiid anemones, with only eight 
complete mesenteries, resembles a juvenile developmental stage found among other 
anthozoan lineages, including scleractinians, corallimorpharians, and other, non-
edwardsiid actiniarians (Stephenson, 1928; Hyman, 1940; Mergner, 1971), as well as 
ceriantherian larvae (McMurrich, 1891).  Historically, debate has centered on whether the 
Edwardsiidae represented an ancestral, anatomically simple ontogeny (e.g., (McMurrich, 
1891), or whether their relative simplicity is part of a suite of derived adaptations to their 
borrowing lifestyle (Hand, 1966; Daly, 2002a).   
 
1.8.1 The starlet sea anemone, Nematostella vectensis 
Nematostella vectensis (Stephenson 1935) is a small, cryptic, euryhaline, 
eurythermal sea anemone native to estuarine environments along the Atlantic coast of 
North America (Stephenson, 1935; Hand and Uhlinger, 1992; Hand and Uhlinger, 1994; 
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Darling et al., 2004; Darling et al., 2009).  Mature N. vectensis polyps are infaunal; using 
an anatomically specialized aboral end -- an extensible, bulbous physa -- to bury and 
anchor themselves in the soft sediments of salt marsh pools and other sheltered, estuarine 
environments, where they passively lie with their tentacles outstretched along the top of 
the substrate waiting for prey.  Adult specimens of N. vectensis can be collected relatively 
easily from pools and submerged sediment in estuarine environments (Stefanik et al., 
2013a).  The entire life cycle of N. vectensis can be reared under laboratory conditions 
(Hand and Uhlinger, 1992).  In the 1990s, citing these qualities among others, Hand and 
Uhlinger (1992) advocated the use of N. vectensis as “an important model for research in 
cnidarian biology” (Hand and Uhlinger, 1992).  Since that time, N. vectensis has been the 
subject of >450 publications (Lubinski et al., in prep), and has emerged within the past 
ten years as a leading cnidarian model system for developmental and genomic studies.   
 Several characteristics of Nematostella make it especially well suited for use as a 
model system to study regeneration.  First, Nematostella can regenerate quite well and is 
capable of bidirectional regeneration following bisection (Hand and Uhlinger, 1992).   
Second, sequencing of Nematostella’s genome has demonstrated that this 
morphologically simple animal possesses a complex genomic repertoire (Putnam et al., 
2007), including 11 of the 12 Wnt gene families found in vertebrates (Kusserow et al., 
2005) and a surprisingly high degree of shared genomic characteristics with humans, 
(e.g., shared disease genes (Sullivan and Finnerty, 2007) and intron locations (Sullivan et 
al., 2006a).  Third, Nematostella offers a simple model for the study of regeneration 
because it possesses only ectoderm and endoderm tissue layers.  Although it lacks true 
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mesodermal tissue, Nematostella, possesses many of the genes which are associated with 
mesodermal tissue formation in triploblasts (Martindale et al., 2004) and therefore, 
information gained from studying regeneration in Nematostella would likely be relevant 
to understanding tissue regeneration in taxa with three germ layers, such as vertebrates.  
The combination of these traits makes Nematostella an excellent model system for 
investigating the fundamental mechanisms underlying regenerative processes. 
 
1.8.1 The lined sea anemone, Edwardsiella lineata 
Edwardsiella lineata (Verrill, 1873), is a marine, stenohaline sea anemone.  
Unlike many Edwardsiid anemones, adult E. lineata polyps do not burrow.  Mature E. 
lineata polyps are approximately 2-3 cm in length, and can be found on hard substrate or 
within rocky crevices, often in dense aggregations, from Cape Cod, Massachusetts to 
Cape Hatteras, North Carolina (Daly, 2002b). The larva of this anemone parasitizes the 
pelagic ctenophore, Mnemiopsis leidyi, in the coastal waters of New England and Long 
Island Sound during late summer and early autumn (Verrill, 1873; Verrill, 1898; Hargritt, 
1912; Freudenthal and Joseph, 1993).  Upon maturation of the parasite, or death of the 
host, the parasitic larvae exit their host and develop into free-swimming planulae.  After 
several days as motile planulae, the anemones will settle on suitable substrate and 
metamorphosize into polyps.  While the life history of this species has been characterized 
to some extent (Mark, 1884; Crowell, 1976; Crowell and Oates, 1980; Bumann and Puls, 
1996; Reitzel et al., 2007a; Reitzel et al., 2009b), and it was treated to a taxonomic 
revision in 2002 (Daly, 2002b), the utility of E. lineata for comparative evolutionary 
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developmental biology was first proposed by Reitzel and others in 2006 (Reitzel et al., 
2006).  Several features make E. lineata a compelling model for investigating the 
evolution and development of a parasitic life history from an ancestral free-living life 
history.  These include the fact that a relatively closely related free-living taxon, N. 
vectensis, is already an established model system with extensive genomic resources to 
which comparison to E. lineata can be made.  Additionally, E. lineata, and its host 
ctenophore are easily collected in the field and cultured in the laboratory, a particularly 
valuable trait, since difficulty in culturing parasitic species in laboratory conditions, or 
necessitating co-culture with host that are not amenable to laboratory culture renders 
many parasitic taxa largely refractory to developmental biology studies. 
 
1.9 Overview of dissertation research 	   To gain insight into the ecology and developmental biology of E. lineata’s life 
history, we collected and observed specimens of parasitic and adult anemones from the 
field and characterized the ontogeny of their development across several life history 
trajectories (Chapter Two).  To better understand the molecular and transcriptional basis 
of E. lineata’s novel, parasitic life history, we performed RNA sequencing on whole 
anemones at various points in the life history this sea anemone and assembled a de novo 
transcriptome (Chapter Three).  These transcript models were compared to those of the 
confamilial sea anemone, N. vectensis.  Transcripts from this assembly were used to infer 
the evolutionary divergence date between these two sea anemones, which puts an upper 
bound on the innovation of E. lineata’s derived life history, and the gene regulatory 
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alterations that presumably govern it. To understand how alternative developmental 
trajectories are coordinated throughout the life history of a single taxon, we characterized 
the role of canonical Wnt signaling in establishing axial polarity during two alternative 
life history trajectories in N. vectensis: embryogenesis and regeneration (Chapter Four).  
These were the first functional studies on regeneration in N. vectensis, and showed that 
Wnt signaling is sufficient for oral tissue fate during both embryogenesis and 
regeneration.   
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Figure 1.1: Life history evolution within the Cnidaria and phylogenetic placement of the Cnidaria. Molecular	  phylogenetics	  place	  Cnidarians	  as	  the	  immediate	  outgroup	  to	  the	  triploblasts	  (deuterostomes	  and	  protostomes).	  	  Within	  the	  Cnidaria,	  there	  are	  two	  clades:	  the	  Anthozoa	  possess	  only	  a	  polyp	  stage	  in	  the	  life	  history	  and	  the	  Medusozoa	  typically	  have	  a	  biphasic	  life	  history	  comprising	  both	  polyp	  and	  medusa	  stages.	  Modified	  from	  (Reitzel,	  2011).	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Figure 1.2: Modular architecture of the polyp bauplan (A)	  Hydra	  polyp.	  	  (B).	  N.	  vectensis	  polyp.	  (C)	  Diagrammatic	  representation	  of	  three	  major	  developmental	  modules	  along	  the	  primary	  body	  axis	  of	  cnidarian	  polyps	  (applicable	  to	  both	  hydrozoan	  (A)	  and	  anthozoan	  (B)	  polyps).	  	  The	  Head	  module	  consists	  of	  the	  light	  blue	  tentacles,	  black	  oral	  opening,	  and	  dark	  blue	  pharynx;	  the	  Column	  module,	  shaded	  purple,	  consists	  of	  the	  gastrovascular	  cavity	  and	  mesenterial	  muscles	  (in	  sea	  anemones);	  and	  the	  Foot	  module,	  in	  red,	  consists	  of	  the	  aboral	  region.	  	  
A" B" C"
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Figure 1.3: Diagrammatic representation of diverse modes of asexual reproduction in cnidarian polyps The	  three	  major	  body	  regions	  are	  delineated	  by	  shades	  of	  gray.	  	  A.	  Intracolumnar	  transverse	  fission	  with	  conserved	  axial	  polarity	  	  (e.g.,	  Anthopleura	  stellula	  (Schmidt,	  1970));	  B.	  Physal	  pinching	  (e.g.,	  Nematostella	  vectensis	  (Reitzel	  et	  al.,	  2007b));	  C.	  Transverse	  fission	  with	  polarity	  reversal	  (e.g.,	  Nematostella	  vectensis	  (Reitzel	  et	  al.,	  2007b));	  D.	  Longitudinal	  fission	  (e.g.,	  Anthopleura	  elegantissima	  (Geller	  and	  Walton,	  2001));	  E.	  Pedal	  laceration	  (e.g.,	  Aiptasia	  pallida	  (Clayton,	  1985));	  F.	  Lateral	  budding	  (e.g.,	  Hydra	  species,	  various	  hard	  corals,	  (Soong	  and	  Lang,	  1992;	  Bode,	  2003));	  G.	  Intratentacular	  budding	  (e.g.,	  Favia	  species,	  (Gateño	  and	  Rinkevich,	  2003));	  and	  	  H.	  Stolon	  outgrowth	  (e.g.,	  Hydractinia,	  (Cartwright,	  2003)).	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Figure 1.4: Temporal sequence of modules deployed in larval development and selected modes of asexual 
reproduction A.	  Larval	  development.	  B.	  Physal	  pinching.	  C.	  Transverse	  fission	  with	  polarity	  reversal.	  D.	  Regeneration.	  Edwardsiid	  anemones	  such	  as	  Nematostella	  vectensis	  and	  
Edwardsiella	  lineata	  can	  undergo	  A.,	  B.,	  C.,	  and	  D.	  Symbols	  for	  modules,	  along	  with	  their	  definitions,	  are	  given	  in	  Table	  1.1	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Figure 1.5: The three branches of Wnt signaling (A)	  Wnt/ß-­‐catenin	  signaling	  pathway	  regulates	  expression	  of	  Wnt	  target	  genes	  through	  the	  nuclear	  localization	  and	  association	  of	  ß-­‐catenin	  with	  TCF.	  	  (B)	  The	  Wnt/PCP	  branch	  (Wnt/JNK	  in	  vertebrates)	  regulates	  cell	  polarity	  and	  cell	  movements	  during	  gastrulation.	  	  The	  Wnt/Ca2+	  pathway	  is	  thought	  to	  regulate	  cell	  adhesion,	  but	  its	  downstream	  effectors	  are	  not	  well	  understood.	  	  (Adapted	  from	  references	  (Miller,	  2002;	  Veeman	  et	  al.,	  2003;	  Lee	  et	  al.,	  2006)).	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Figure 1.6: The Canonical Wnt signaling pathway (A)	  Without	  Wnt	  signaling.	  	  In	  the	  absence	  of	  Wnt	  signaling	  cytosolic	  ß-­‐catenin	  is	  phosphorylated	  by	  a	  complex	  of	  proteins	  consisting	  of	  Axin,	  APC,	  GSK3ß,	  and	  CK1.	  	  Phosphorylated	  ß-­‐catenin	  is	  ubiquitylated	  and	  degraded	  in	  proteosomes.	  Transcription	  of	  Wnt	  target	  genes	  is	  inhibited	  by	  the	  association	  of	  TCF	  and	  Groucho	  at	  specific	  motifs	  near	  target	  genes.	  	  (B)	  With	  Wnt	  signaling.	  	  Wnt	  ligands	  bind	  to	  a	  complex	  of	  two	  receptor	  molecules,	  Frizzled	  proteins	  (Fz)	  and	  lipoprotein	  receptor-­‐related	  proteins	  5	  and	  6	  (LRP5/6),	  on	  the	  membrane	  of	  target	  cells	  (Bartscherer	  et	  al.,	  2006).	  	  	  Phosphorylated	  Disheveled	  (Dsh)	  interacts	  with	  Frizzled	  (Wallingford	  and	  Habas,	  2005),	  and	  the	  Fz/Dsh	  complexes	  are	  thought	  to	  recruit	  LRP6	  ,	  thus	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facilitating	  phosphorylation	  of	  LRP6	  intracellular	  tails	  by	  Casein	  Kinase	  1-­‐ϒ	  (CK1ϒ)	  (Davidson	  et	  al.,	  2005;	  Zeng	  et	  al.,	  2005)	  and	  Glycogen	  Synthase	  Kinase	  3-­‐ß	  (GSK-­‐3ß)	  (Zeng	  et	  al.,	  2005).	  	  Phosphorylation	  of	  LRP6	  recruits	  Axin	  to	  the	  Fz/Dsh/LRP6	  receptor	  complex	  (Davidson	  et	  al.,	  2005),	  thereby	  inhibiting	  formation	  of	  the	  ß-­‐catenin	  destruction	  complex	  and	  blocking	  cytosolic	  degradation	  of	  ß-­‐catenin.	  	  Consequently,	  ß-­‐catenin	  accumulates	  in	  the	  cytoplasm	  and	  translocates	  into	  the	  nucleus	  where	  it	  drives	  transcription	  of	  Wnt	  target	  genes	  through	  its	  interaction	  with	  TCF	  (Behrens	  et	  al.,	  1996).	  	  (Adapted	  from	  Molecular	  Biology	  of	  the	  Cell,	  5th	  
edition,	  Alberts,	  et	  al.	  2007)	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Figure 1.7: Wnt signaling in Metazoan axial patterning Select	  metazoan	  taxa	  and	  diagrammatic	  representations	  of	  Wnt	  signaling	  and	  inhibition	  during	  embryological	  development	  (except	  planarians,	  for	  which	  expression	  domains	  are	  depicted	  in	  regenerated	  adults).	  	  Representative	  Wnt	  gene	  expression	  domains	  (green).	  Representative	  Wnt	  inhibitor	  gene	  expression	  domains	  (red).	  (A)	  Anterior	  pole,	  (P)	  posterior	  pole,	  (Or)	  oral	  pole,	  (Ab)	  aboral	  pole.	  	  Adapted	  from	  (Petersen	  and	  Reddien,	  2009).	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Figure 1.8: Diagrammatic representation of modularity in parasitic versus free-living cnidarians (A)	  Edwardsiella	  lineata	  parasite.	  (B)	  Free-­‐living	  E.	  lineata	  polyp.	  (C)	  Parasitic	  Hydrichthys	  colony.	  (D)	  Free-­‐living	  Hydractinia	  colony.	  
 	   	  
A" B"
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Figure 1.9: Phylogeny of the Anthozoa The	  phylogeny	  depicted	  here	  is	  from	  (Stampar	  et	  al.,	  2014).	  	  The	  three	  primary	  Anthozoan	  clades	  are	  the	  Ceriantharia,	  Octocorallia,	  and	  Hexacorallia.	  	  The	  Actiniaria	  (sea	  anemones)	  are	  depicted	  as	  the	  earliest-­‐branching	  hexacorallian	  lineage,	  although	  the	  relative	  divergence	  of	  the	  Actiniaria	  and	  Zoantharia	  is	  not	  well	  resolved.	  	  The	  focal	  taxa	  of	  this	  dissertation	  research,	  N.	  vectensis	  	  and	  E.	  lineata	  are	  both	  members	  of	  the	  Edwardsiidae	  family	  of	  sea	  anemones.	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Table 1.1: Hypothesized developmental modules deployed in asexual reproduction by cnidarians 
 
 
 
 
 
 
 
 
 
 
 
 
 
Module Symbol Description 
Establishment or re-establishment of 
primary (oral-aboral) body axis Establishment of polarity along the oral-aboral axis 
Establishment or re-establishment of 
secondary (transverse) body axis Establishment of polarity along the transverse or ?directive? axis. 
Oral patterning Delineation of oral region. 
Column patterning Delineation of column region. 
Foot patterning Delineation of foot region. 
Oral morphogenesis Formation of oral morphology (e.g., mouth and tentacles). 
Column morphogenesis Formation of column morphology. 
Foot morphogenesis Formation of foot morphology (e.g., pedal disc or physa). 
Growth along primary body axis Elongation of animal along the oral-aboral axis. 
Growth along primary body axis Widening of animal along the transverse axis. 
Lateral outgrowth A protuberance extends outward from the body column. 
Fission Cleavage of body column. 
Epidermal healing Healing of cut edges of body column. 
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Table 1.2: Metazoan phyla with parasitic species1 
	  Modified	  from	  (Poulin,	  2007).	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
  
Phylum' Class'
no.'parasitic'
species'
Ctenophora* ** 1*
Porifera* **
"several*
hundred"*
Cnidaria*
Anthozoa* 9*
Myxozoa* ~2,000*
Hydrozoa* >15*
Polypodiozoa* 1*
Platyhelminthes*
Trematoda* >15,000*
Monogenera* >20,000*
Cestoda* >5,000*
Nemertinea* ** >10*
Acanthocephala* ** >1,200*
Nematomorpha* ** >350*
Nematoda* ** >10,500*
Mollusca*
Bivalvia* >600*
Gastropoda* >5,000*
Annelida*
Hirudinea* >400*
Polychaeta* >20*
Arthropoda*
Maxillopoda* >4,200*
Arachnida* >30,000*
Maxillopoda* >4900*
Malacostraca* >850*
Insecta* >9,400*
Mesozoa* ** >80*
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Table 1.3: Parasitic Anthozoa and their hosts 
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Table 1.4: Parasitic Hydrozoa and their hosts 	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Table 1.5: Parasitic Polypodiozoa and their hosts 
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Table 1.6: Parasitic Myxozoa and their amphibian hosts 
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Table 1.7: Parasitic Myxozoa and their Amniote hosts 
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Table 1.8: Parasitic Myxozoa and their Actinopterygiian hosts 
 	  	   	  Genus& Species& Host&Order& Class& Phylum&Sphaerospora) fugo) Tetraodontiformes)
Actinopterygii) Chordata)
Sphaerospora)) elegans) Gasterosteiformes/Syngnathiformes))
Bipteria)) formosa) Gadiformes)
Enteromyxum) leei) Perciformes)
Myxobolus))
alburni) Cypriniformes)
portucalensis) Anguilliformes)
fryeri) Salmoniformes)
umidus) Characiformes)
exiguus) Mugiliformes)
Henneguya) psorospermica) Esociformes)
Henneguya) ictaluri) Siluriformes)
Chloromyxum) inexpectatum)
Acipenseriformes)
Sphaerospora) colomani)
) ) Polypteriformes)
) ) Notacanthiformes)
) ) Saccopharyngiformes)
) ) Clupeiformes)
) ) Argentiniformes)
) ) Osmeriformes)
) ) Aulopiformes)
) ) Percopsiformes)
) ) Lophiiformes)
) ) Ophidiiformes)
) ) Beloniformes)
) ) Cyprinodontiformes)
) ) Beryciformes)
) ) Zeiformes)
) ) Syngnathiformes)
) ) Tetraodontiformes)
) ) Pleuronectiformes)
) ) Scorpaeniformes)
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Table 1.9: Parasitic Myxozoa and their hosts of the Chondrichthys and Petromyzontida 	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Table 1.10: Parasitic Myxozoa and their protostome hosts 	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Illustration 1.1: Parasitic E. lineata drawn by (Mark, 1884). 	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Illustration 1.2: Parasitic Hydrichthys drawn by (Fewkes, 1887). 
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Illustration 1.3: Parasitic Hydrichthys drawn by (Jungersen, 1913). 	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CHAPTER TWO 
COMPARISON OF ALTERNATIVE LIFE HISTORY TRAJECTORIES IN THE 
PARASITIC SEA ANEMONE, EDWARDSIELLA LINEATA 
 
	  
2.0 Introduction and acknowledgments This	  chapter	  is	  based	  on	  the	  manuscript	  entitled	  “Comparison	  of	  alternative	  life	  history	  trajectories	  in	  the	  parasitic	  sea	  anemone,	  Edwardsiella	  lineata”,	  that	  will	  be	  submitted	  to	  the	  Journal	  of	  Parasitology.	  	  I	  performed	  all	  fieldwork,	  developmental	  observations,	  and	  photography,	  along	  with	  undergraduates	  Rachel	  Filter,	  Cassandra	  Smith,	  Fareesa	  Hasan,	  and	  Liz	  Herdter.	  	  I	  drafted	  the	  manuscript	  and	  figures,	  with	  editorial	  input	  from	  John	  Finnerty.	  	  
2.1 Rationale 
 Many of the 10,000+ species of cnidarians (sea anemones, corals, jellyfishes, 
hydras, etc.) exhibit complex life histories involving sexual reproduction and multiple 
modes of asexual reproduction.  Sea anemones of the family Edwardsiidae exemplify this 
complexity (Reitzel et al., 2007b). In edwardsiid anemones such as the model species 
Nematostella vectensis (Hand and Uhlinger, 1992; Darling et al., 2005), sexual 
reproduction involves external fertilization followed by the development of a ciliated 
motile planula larva. The planula eventually settles onto a suitable substrate and 
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metamorphosizes into the adult sea anemone form, known as a polyp. Asexual 
reproduction occurs via two distinct forms of transverse fission: physal pinching or 
polarity reversal (Reitzel et al., 2007b). In physal pinching, a circumferential constriction 
near the aboral end of the animal cleaves a small section of the foot (or physa) from the 
rest of the body. Missing body regions are then regenerated to produce a whole polyp. In 
polarity reversal, a secondary head develops at the site of the existing physa, temporarily 
producing a two-headed individual. Subsequently, a circumferential constriction about 
midway between these two heads separates fully developed adult polyps.  
 Additional complexity exists in the life cycle of the lined sea anemone, 
Edwardsiella lineata. It is the only edwardsiid anemone with an unambiguously parasitic 
stage.  Edwardsiella lineata is native to coastal waters of the Atlantic Ocean from Cape 
Cod, MA, to Cape Hatteras, NC (Daly, 2002b). The adult polyp was first described by 
Verrill (1873) from specimens collected off the coast of Massachusetts and Rhode Island; 
he named it Edwardsia lineata (Verrill, 1873). The parasitic stage had actually been 
described eight years earlier by Agassiz as a ”worm” inside the ctenophore Mnemiopsis 
leidyi, resembling ”more a leech than anything else” (Agassiz, 1865). Mark (1884) 
recognized the ”worm” as a pre-adult edwardsiid anemone, possibly Edwardsia lineata 
(Mark, 1884).  
  There are two major motivations for investigating the developmental and 
ecological dynamics of the Edwardsiella-Mnemiopsis host-parasite system. First, for 
reasons outlined elsewhere (Stefanik et al., 2014), E. lineata is a particularly powerful 
model system for studying the evolutionary-developmental origins of parasitism. Second, 
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M. leidyi is a voracious planktivore that has profound impacts on marine food webs in 
both its native range and in a number of locales where it has become invasive (Bumann 
and Puls, 1997; Costello et al., 2012). E. lineata has been hypothesized to serve as an 
important biological control on the abundance of this ctenophore (Bumann and Puls, 
1996). Previous studies have characterized key developmental and ecological parameters 
of the E. lineata / M. leidyi host-parasite system including: (1) major morphological 
transitions that occur during the life cycle of the parasite (Mark, 1884; Crowell, 1976; 
Crowell and Oates, 1980; Reitzel et al., 2006; Reitzel et al., 2007a; Reitzel et al., 2009b); 
(2) the existence of transverse fission in the parasite (Reitzel et al., 2009b); (3) the 
infection rate and parasite load of the host in natural populations (Reitzel et al., 2007a; 
Selander et al., 2010); (4) the impact of the parasite on growth of the host (Bumann and 
Puls, 1996); and (5) the success rate of metamorphosis from parasite to adult and its 
dependence on parasite size (Reitzel et al., 2007a).  
The present study further illuminates E. lineata’s ecology in several important 
ways.  First, we describe a previously unrecognized stage in the parasite’s life cycle—a 
small planula-like stage that we surmise to be the source of the initial infection. Second, 
we expand upon the published literature on infection frequency of the parasitic stage 
within its host, M. leidyi.  Third, we characterize the duration of parasitic residency 
within host ctenophores. Finally, we provide the first detailed examination of colonies of 
adult polyps in the field. 
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2.2 Methods 
2.2.1 Observation and collection of E. lineata polyps. 
E. lineata polyp colonies were observed while snorkeling adjacent to a floating 
dock in Great Harbor, Woods Hole, Massachusetts.  Photographs of colonies in situ were 
taken with a Canon PowerShot	  SD1400	  IS	  digital	  ELPH	  camera.  Additional polyps 
were purchased from the Biological Specimens facility of the Marine Biological 
Laboratory (MBL).  Polyps purchased from MBL were collected from a floating 
styrofoam buoy via snorkeling (E. Enos, pers. comm.).  Photographs were taken with a 
Sony HDR-XR500V High Definition Handycam Camcorder coupled to an Olympus 
SV12 stereomicroscope. 
 
2.2.2 Collection of the ctenophore M. leidyi and parasitic stage E. lineata  
Mnemiopsis leidyi were collected from Great Harbor in Woods Hole, 
Massachusetts.  Collections were made from a rock jetty that extends south-southeast for 
a distance of approximately 20 m from the shore. The first twenty ctenophores observed 
near the jetty were gently lifted from the water in a plastic bucket and placed in 
individual containers of seawater for transport to the laboratory of the Boston University 
Marine Program, Boston, Massachusetts.  Upon return to Boston University, ctenophores 
were measured, photographed, and scored for parasite infections. 
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2.2.3 Larval Development 
Ninety-one Mnemiopsis leidyi with endoparasitic Edwardsiella lineata larvae (n= 
199) were cultured in pseudokriesel tanks with circulating 16 °C artificial seawater (~34 
parts per thousand), or in finger bowls of artificial seawater at ambient room temperature 
(~21 °C).  Water in the finger bowls was changed twice daily.  Parasites were liberated 
from M. leidyi by gently teasing them from the gelatinous mesoglea with forceps and 
tweezers.  Some parasites exited the host of their own accord. Excised parasite specimens 
were individually cultured within wells of 12-well culture plates (Corning, NY), at 
ambient room temperature (~21 °C) in approximately 2 mL artificial seawater.  Visual 
observations and water changes were made daily.  From August 3rd to October 8th, 2012, 
the tentacle development patterns of 27 E. lineata planula metamorphosing into juvenile 
polyps were recorded by visual observation.  Photographs were taken as described in 
section 2.2.1 above. Once 12 tentacles were fully developed, the metamorphosized 
juvenile polyps were fed freshly hatched Artemia sp. nauplii twice per week. 
 
2.2.4 Husbandry of adult polyps 
Mature E. lineata polyps were cultured in glass finger bowls at ambient room 
temperature (~21 °C) in non-circulating artificial salt water (~34 parts per thousand).  
Polyps were fed freshly hatched Artemia nauplii 2-3 times per week, with water changes 
on a similar schedule.  Reproduction via transverse fission was observed and 
photographed as described in section 2.2.1. 
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2.3 Results 
2.3.1 Ecology of adult anemones 
E. lineata polyps were observed in Great Harbor, Woods Hole, Massachusetts, in 
a fouling community on the underside of a floating dock, approximately 1 m below the 
water’s surface (Figure 2.3A-B). The E. lineata polyps were distributed in discontinuous 
aggregations (Figure 2.3A-B) adhering to a layer of styrofoam with their aboral end; they 
did not burrow into the substrate. Their body columns and tentacles were fully extended 
(Figure 2.3A-C) at the time the observations were made (October 3, 2013 at 12:30 pm).  
The capitulum was white with distinct opaque white ridges running along the mesenterial 
compartments. The scapus was covered by a brown periderm (Figure 2.2A; Figure 2.3A-
C).   
 
2.3.2  Parasite infection frequency 
2.3.2.1 Parasite infection frequency over 50 years 
From 2010-2013, we conducted thirty-two collections of ctenophores from Great 
Harbor in Woods Hole, including eight days in 2010 (beginning on 2 August and ending 
on 3 November), nine days in 2011 (beginning on 6 July and ending on 28 September), 8 
days in 2012 (beginning on 5 July and ending on 17 September), and seven days in 2013 
(beginning on 25 July and ending on 5 October).  These new data supplement a sporadic 
record of the infection frequency of E. lineata in M. leidyi in Woods Hole that spans fifty 
years (Crowell, 1976; Reitzel et al., 2007a).  In aggregate, the data collected over the past 
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half century suggest a seasonal pattern, with the highest frequency of infection 
historically occurring between late August and late September (Figure 2.4A).  The 
earliest documented occurrence of parasitized ctenophores occurred on July 22 in 2010 
(Figure 2.4A-B).   The only two collections performed earlier in the summer, on July 6th, 
2010 and July 5th, 2011, contained no infected ctenophores (Figure 2.4A). The earliest 
observation of a primary planula infecting a ctenophore was recorded on July 22, 2010.  
During our period of observation, the latest date on which primary planulae were 
recorded within M. leidyi was on September 14th, in 2011.  	  
2.3.2.2  Infection frequency at 24 hour sampling intervals, October 2013. 
By obtaining multi-year data on infection frequency, and comparing it with results 
from the past, we hoped to uncover any seasonal patterns that could provide a clue as to 
how the parasite is transmitted and how its population fluctuates. However, most of the 
prior observations consisted of spot measurements taken once (e.g., 1964), or at a few 
widely spaced intervals (1965, 2004-2006). Without finer temporal sampling, we can’t 
evaluate the variability of such measures over short time scales, and therefore we can’t 
interpret the differences that have been observed from month-to-month.  For this reason, 
we also took samples of the ctenophore population at Woods Hole, MA on a daily basis 
from October 1-5, 2013.  The infection frequency ranged from 20-40 percent during this 
time (Figure 2.4C)  
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2.3.3 Characterization of the primary planula 
On 11 of the field collection surveys, we observed what appeared to be small 
planulae that were distinctly different than the post-parasitic planulae that have been 
previously described for E. lineata.  These planulae were primarily located in the 
mesoglea near the aboral end of M. leidyi specimens (Figure 2.5A,C; Figure 2.6A).  The 
larvae were transparent, generally less than one millimeter in length, and ovoid in shape, 
with distinct ectoderm and endoderm tissue layers (Figure 2.5A-B,D; Figure 2.6A).  In 
some specimens, a mouth was visible at the oral end, connected to a blind gastrovascular 
tract (Figure 2.5D).  These parasitic larvae were ciliated along their ectoderm (Figure 
2.5D).  
 
2.3.5 Growth dynamics of parasites within a ctenophore 
Upon noticing small planulae in the mesoglea, we hypothesized that they were the 
initial infective stage of the E. lineata parasite. To test this, we collected a single 
specimen of M. leidyi harboring several of these ”primary parasites,” and we monitored 
the planulae for a period of several days in the host ctenophore. On the first day of 
observation, the primary parasites resembled other specimens of this developmental stage 
(Figure 5): they were ovoid in shape, less than one millimeter in length, transparent in 
color, and lacking distinct pharynx or mesenteries. After three days of culture in their 
host ctenophore (Figure 2.6B), the parasites were more elongate, pink in color, and had 
developed a more distinct pharynx, which, in some specimens, was oriented towards the 
radial canals of the host ctenophore.  At day 7 (Figure 2.6C), the parasites had assumed 
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the vermiform shape that typifies parasitic life stage of E. lineata (Mark, 1884; Reitzel et 
al., 2009b) and developed a distinct pharynx and mesenteries.  
 
2.3.6 Long term residency capacity within host (3-5 weeks) 
Having documented that the primary planula and newly developed parasite reside 
in M. leidyi for at least seven days (Figure 2.6A-C), we then sought to characterize the 
length of time the parasitic stage could reside in a ctenophore host.  In 2012 and 2013, we 
collected infected ctenophores and maintained them in a pseudokriesel (an aquarium tank 
with a cylindrical cross-section and gentle, continuous, vertical water circulation) for up 
to five weeks. The number of parasites remaining inside host ctenophores was recorded at 
three and five weeks.  In 2012 and 2013, the number of anemones observed in a sampling 
of infected ctenophores that were cultured in the laboratory for 3 weeks was 24 and 90, 
respectively.  In 2013, the parasites were surveyed from 58 individual ctenophores, some 
of which harbored multiple parasites (Table 2.1).  A sampling of infected ctenophores 
cultured for five weeks yielded five parasitic anemones in 2012 (Table 2.1).    
2.3.7 Development of parasitic larva stage 
We observed the gross anatomical changes that occur during the developmental 
progression from primary planula to mature parasite.  Anemones representative of these 
ontogenies are shown in Figure 2.7.   Once embedded within the ctenophore’s mesoglea, 
the primary planulae (Figure 2.5; 2.6A) begin to develop mesenteries (Figure 2.7A) and 
an oral opening (Figure 2.7B).  The oral crown becomes enlarged (Figure 2.7C), followed 
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by the enlargement of the pharynx and mesenteries (Figure 2.7D), resulting in the basic 
parasitic bauplan. From this point, development progresses as the pharynx and 
mesenteries become more distinct, and the parasite grows in length, resulting in a more 
vermiform shape (Figure 2.7E-J).  The aboral end is generally narrow when embedded in 
the host tissue, but excised specimens exhibit a distinctive peristaltic contraction and 
expansion pattern (Figure 2.7G-J). 
 
2.3.8 Settlement and metamorphosis into polyps 
In N. vectensis, the pattern of tentacle eruption during metamorphosis is highly 
stereotyped. We observed the transition from secondary planula to polyp in 27 E. lineata, 
with particular attention to the pattern of tentacle development. Tentacles first appeared 
as six short tentacle buds encircling the pharynx; this group of tentacles is known as the 
primary cycle (Figure 2.8A,F).  Two of these tentacles lie along the long axis of the 
pharynx; these are known as the dorsal and ventral directives. Shortly after the emergence 
of the primary six tentacle buds, two secondary buds emerged, flanking the dorsal 
directive (Figure 2.8B,G).  As these two secondary tentacles elongated, forming a set of 
eight functional tentacles, another set of four tentacles erupted in the gaps between the 
ventral directive and the two existing tentacles lying to the right and two existing 
tentacles lying to the left of the ventral directive  (Figure 2.8C,H).  Elongation of these 
four tentacles yielded 12 functional tentacles encircling the anemones’ pharynx.  A 16-
tentacle stage was achieved via eruption of two pairs (four tentacles total) between the 
first two tentacles of the second cycle and the adjacent, more ventrally located tentacles 
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in the primary cycle (Figure 2.8D,I).  A 20-tentacle stage was observed to occur via a 
manner similar to the method by which four tentacles were added to the 12-tentacle stage: 
two pairs (four total tentacles) erupt in between the first two tentacle pairs of the 16-
tentacle stage and the primary cycle (Figure 2.8E,J). 
 
2.3.9 Asexual reproduction in the parasitic stage 
We observed transverse fission via ”physal pinching” in a number of E. lineata 
parasites, as has previously been reported (Reitzel et al., 2009a).  We observed parasites 
within their host ctenophores that exhibited a ring of pronounced constriction along a 
plane perpendicular to their primary, oral-aboral axis (Figure 2.9A-B, I).  Upon excision 
from the ctenophore, this constriction continued until the parasite fissioned into two 
asymmetrically sized fragments (Figure 2.9C).  The larger asexual propagule contained 
the original aboral end of the parasite, the majority of the gastrovascular cavity, and some 
digested food that was present in the parasite before fission (Figure 2.9C-D). The smaller 
fragment contained the mouth and pharynx (Figure 2.9C, E), with a small fission scar at 
the new aboral end.  Both fragments were motile following fission.  We also observed 
parasitic anemones within their hosts that lacked anatomical features such as the physa 
(Figure 2.9F,H) or pharynx  (Figure 2.9F,G). The absence of these anatomical traits, 
which is atypical among parasites in this study, is consistent with the developmental 
stages that we have observed (Fig. 2.9A-E; I), or hypothesized to occur, during asexual 
transverse fission (Fig. 2.11).   	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In	  addition	  to	  physal	  pinching,	  we	  observed	  an	  individual	  parasite	  that	  possessed	  a	  pharynx	  and	  mouth	  at	  each	  end	  of	  the	  long	  body	  axis.	  Both	  of	  the	  mouths	  appeared	  to	  be	  located	  in	  or	  adjacent	  to	  the	  ctenophore’s	  gastrovascular	  cavity	  (Figure	  2.9J),	  as	  would	  the	  single	  mouth	  of	  a	  typical	  E.	  lineata	  parasite	  when	  feeding	  on	  the	  host’s	  gut	  contents	  (Fig.	  2.5A;	  2.6D;	  2.9A).	  	  When	  excised	  from	  the	  ctenophore,	  this	  anemone	  exhibited	  two	  distinct	  oral	  poles,	  each	  containing	  a	  mouth	  and	  pharynx	  (Figure	  2.9K).	  	  	  	  
2.3.10 Asexual reproduction in the polyp stage 
We observed transverse fission in E. lineata polyps via physal pinching. As 
described in (Reitzel et al., 2009a), transverse fission occurred via a constriction near the 
aboral end of the adult anemone, transverse to the oral-aboral axis.  After a period of time 
during which the constriction was pronounced, the aboral end detached from the oral 
fragment, resulting in two asexual propagules: the oral fragment, containing the original 
pharynx and oral crown, and the aboral fragment, containing the original physa (Figure 
2.10).  Tentacle buds erupted asynchronously on the aboral propagule after several days 
(Figure 10), until the primary cycle of eight tentacles had developed (Figure 2.10). The 
secondary cycle of eight tentacles developed via eruption of tentacles alternating between 
the eight primary tentacles (Figure 2.10), resulting in 16 total tentacles.   
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2.4 Discussion 
2.4.1 Ecology of the polyp stage 
To date, very few details are known about the ecology of adult E. lineata in their 
natural habitat.  Previous studies utilizing adult E. lineata have relied either on adults 
reared from wild-caught parasites excised from host ctenophores, from specimens in 
museum collections, or from adult specimens collected by commercial vendors (e.g., 
through the Marine Biological Labs at Woods Hole).  Crowel and Oates (1980) noted that 
specimens collected from the wild were found in dense mats of 20-30 individual polyps 
(Crowell and Oates, 1980).  They also reported that solitary E. lineata polyps are 
occasionally found within samples of the ascidian Ciona collected in the Woods Hole 
region.  Verrill (1873) reported E. lineata polyps from several locations, noting their 
occurrence in dredged samples taken “Off Watch Hill, Rhode Island, 4 to 5 fathoms, in 
cavities and beneath Astrangia, etc.; Vineyard Sound off Gay Head, (Martha’s Vineyard) 
in 6 to 12 fathoms, among ascidians, annelid-tubes (Sabella and Potamilla), etc., 
abundant” (Verrill, 1873).  
Understanding the ecology of adult E. lineata polyps is important for several 
reasons.  First, it has been hypothesized that the E. lineata parasite represents an 
important control on the populations of its principal host, the ctenophore M. leidyi. M. 
leidyi is a voracious planktivore that has had profound impacts on marine food webs 
where it has been introduced (Tamara A. Shiganova, 2000; Kideys, 2002). For example, 
M. leidyi is implicated in the precipitous crash of the anchovy fishery in the Black Sea 
following its introduction via ballast water in the 1980’s (Tamara A. Shiganova, 2000; 
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Kideys, 2002). While the adult presumably preys upon zooplankton and does not directly 
impact the population of its host, the ecology of the adult stage undoubtedly impacts the 
abundance and distribution of the parasitic stage.  Of note, E. lineata may have been 
introduced outside its natural range along with its host ctenophore species in European 
coastal waters (Selander, 2010). It is therefore important to understand the ecology of the 
adult polyps so that the effects of this potentially invasive species can be evaluated.  
Here, we report the first systematic photographic documentation of E. lineata 
colonies in situ.  Figure 2.3A-B depicts E. lineata polyps living in dense aggregates on 
the underside of a floating dock.  As initially reported, the adult anemones do occur in 
”dense mats,” in fouling communities containing ascidians (Figure 2.3A-B; (Verrill, 
1873; Crowell and Oates, 1980)). The polyps adhered to the styrofoam substrate via 
fibers extending from their cuticle. Most members of the Edwardsiidae family of sea 
anemones burrow up to their tentacles in soft substrate  (Carlgren, 1921; Stephenson, 
1935; Daly et al., 2002; Daly, 2008), however, some Edwardsiella species inhabit rocky 
holes, crevices (Stephenson, 1935), and the skeletons of dead Lophelia corals (Manuel, 
1981).  E. lineata polyps observed in this study maintained nearly the entirety of their 
body above the substrate.  Another recently-described congeneric species, Edwardsiella 
andrillae, was discovered on the underside of the Ross Ice Shelf in Antarctica, burrowing 
into the ice up to their tentacles (Daly, 2013).  The E. lineata colonies photographed in 
this study were located substantially closer to the ocean surface (~1m underwater) than 
other observations of these polyps (Verrill, 1873).  Furthermore, the fact that they were 
attached to the underside of an artificial floating dock raises the possibility that their 
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natural habitat may be expanded via the introduction of man-made hard substrates to the 
coastal marine environment. Because E. lineata readily undergoes asexual reproduction 
in laboratory conditions (Crowell and Oates, 1980; Reitzel et al., 2009b), it is possible 
that the aggregating behavior of polyps in their natural habitat is due to clonal 
reproduction (Daly, 2002b; Reitzel et al., 2009b).  If its larvae are obligate parasites of 
Mnemiopsis, asexual propagation in E. lineata polyps may offer a selective advantage in 
the face of variability in host species abundance (Crowell and Oates, 1980). 
 
2.4.2 Parasite Infection Frequency: 2010-2013 
We recorded both M. leidyi and the parasitic larva of E. lineata in collections each 
year spanning 2010-2013.   Our 32 collections represent a 64% increase in the number of 
data points on infection frequency from previous studies since 1964.  Including our study, 
there have been 82 observations of infection frequency in this region during this time.  
The lowest infection frequencies were recorded in our survey in early July, in 2010 and 
2011, with zero M. leidyi specimens harboring the anemone parasites.  These were also 
the earliest collection time points, suggesting that the infestation of M. leidyi in the 
Woods Hole region with parasitic anemones does not begin until mid-late July.  The 
highest infection frequency during our collection was 70% on August 24th, 2011.  Our 
data are generally consistent with another, three-year survey of ctenophore populations in 
Woods Hole from 2004-2006 (Reitzel et al., 2007a), with August-September being the 
months of peak infection frequency.  
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Comparison of infection frequency between E. lineata and parasitic anemones of the 
Peachia genus.   
E. lineata is not the only sea anemone that is known to parasitize a member of the 
gelatinous zooplankton (Table 1.3).  There are several haloclavid anemones of the 
Peachia genus that parasitize a variety of hydro and scypho-medusae.  Data regarding the 
prevalence of parasitic infection among pelagic zooplankton host are rare.  Peachia 
quinquecapitata parasitizes the hydromedusa Phialidium gregarium, an observation that 
was first recorded in Friday Harbor, Washington, by J.G. Spaulding in 1970 (Spaulding, 
1972).  Collections taken in May showed no incidence of parasitism among P. gragarium 
specimens.  Medusae collected on June 2nd had an infection frequency of 13.3%, but 
over the course of June, the infection frequency of ranged from 33.3-62.5%. The 
infection frequency of P. gregarium observed by Spaulding in June of 1970 (Spaulding, 
1972) is relatively similar to the range of infection frequency for M. leidyi infected with 
E. lineata parasites during peak infection months (Crowell, 1976; Reitzel et al., 2007a). 
The only other data on infection prevalence of a parasitic anemone upon gelatinous 
zooplankton comes from a South American sea anemone, Peachia chilensis.  Prevalence 
of parasitic P. chilensis on the scyphomedusa Chrysaora plocamia was recorded from 
November, 2010 to March, 2011, and ranged from 100% in November, progressively 
declining to 66% in March (Jose M. Riascos, 2013).  In comparing the seasonality of 
parasitic anthozoan infections, it appears that the timing of the infection frequency for P. 
quinquecapitata differs from that of E. lineata larvae, as it occurs at the beginning of the 
summer in the coastal Pacific ocean around Washington State, while E. lineata parasitism 
	  	  
73 
does not peak until late summer to early autumn in the Atlantic Ocean between Long 
Island sound and Cape Cod.  Peak infection by P. chilensis of its host appears to occur in 
the beginning of the austral summer in Chile. 
 
2.4.3 Infection frequency at 24-hr intervals, 2013 
All previous records of infection frequency come from samples taken days or 
weeks apart (Crowell, 1976; Reitzel et al., 2007a) (the exception being a three 
consecutive day sampling by Crowell in 1964 at the end of the infection season in late 
October, for which he recorded 2% on the first day, and zero percent for the following 
two days). The daily sampling performed in this study suggests a relatively stable 
infection frequency over a five-day window, although the apparent variation between 
days 2 and 3 was substantial.  It is unclear whether the variation we observed was due to 
short term changes in the infection frequency or simply stochasticity in sampling a 
population. We would need to conduct multiple samples per day to determine the 
magnitude of sampling variance and to establish significant differences in the infection 
frequency between dates. One factor that limits comparisons between days is that the 
collections were not taken at a standardized time, or period of tidal cycle relative to one 
another, and such variations may influence the population dynamics at time of collection; 
however, the same confounding factors would be applicable to all previously published 
field collections of M. leidyi as well.  
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2.4.4 Characterization of the primary parasite 
We report the first characterization of the primary planula of E. lineata, the stage 
that first parasitizes M. leidyi. The specimens documented in this study are 
morphologically distinct from any E. lineata parasite previously reported.  
Documentation of multiple primary planulae growing inside a ctenophore into mature 
parasites (Figure 2.6A-C) raises the possibility that ctenophores that are infected with 
multiple E. lineata parasites may harbor genetically distinct parasites. The other 
possibility is that multiple parasites within a single host could arise via asexual 
propagation of one or more founding parasites within the host (e.g., Figure 2.9A-I). 
Future research characterizing the genotype of parasites within individual M. leidyi  
would be one approach to understanding the population structure of parasitic E. lineata 
larvae. The size differential between primary planulae, mature parasites (Fig. 2.5A; 
2.6D), and secondary planulae suggests that endoparasitic residency within M. leidyi may 
be required in order for E. lineata to reach adulthood. In other words, this is evidence that 
E. lineata is an obligate parasite.  Parasitic E. lineata larvae are known to ingest food 
directly from the gastrovascular cavity of their host ctenophores (Bumann and Puls, 
1996).  Reitzel et al (Reitzel et al., 2007a) reported that settlement time and success of 
the metamorphosis of planula larva into polyps was correlated with the size of the 
parasite stage at the time of host excision (e.g., when the transition to planula would 
begin).  Thus, the residency within ctenophores, and the size that they can attain during 
endoparasitism, may influence the settlement success of an individual parasite. 
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2.4.5 Developmental dynamics of the parasitic stage over one week 
We observed the growth of primary planulae within a single ctenophore over 
seven days (Figure 2.6A-C).  The amount of time required for the primary planula to 
develop into the vermiform parasite is approximately the length of time that the larva of 
the free-living edwardsiid anemone, N. vectensis, to develop from a planula into a 
sexually mature polyp (Figure 2.6E).  As this duration does not take into consideration 
the as-yet-uncharacterized, but hypothesized motile planula stage of E. lineata prior to 
securing a ctenophore host, it is apparent that the larval stage (primary planula + 
vermiform parasite + secondary planula) of E. lineata is longer in duration than that of N. 
vectensis (planula only) (Figure 2.6E). 
 
2.4.6 Three-to-five-week residency capacity of the parasitic stage 
Following the seven-day observation of primary parasite development within an 
individual M. leidyi, we characterized the residency capacity of parasitic E. lineata at 3 
and 5 weeks.  These results suggest that parasites reside in their host ctenophores for a 
period of a few weeks prior to exiting the host and undergoing metamorphosis. However, 
in this observational study, because we were monitoring ctenophores that had already 
been parasitized in the field, and we did not monitor individual hosts or their parasites in 
particular, we were unable to determine exactly how long a given parasite resided in a 
single host. Additionally, it is possible that the duration of the parasitic period will vary 
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with the feeding rate of the host ctenophore. If the feeding rate remains constant, the 
parasites size will correlate with the amount of time they spend in their hosts. Given that 
the size of the parasite at the time it exits the host influences the rate at which the 
resulting planula metamorphosizes into a polyp and undergoes settlement (Reitzel et al., 
2007a), a minimum period of residency in the host is likely required to complete the life 
cycle. A point of comparison may be found in the parasitic anthozoan Peachia 
quinquecapitata.  This anemone is an obligate parasite and has a larval stage that exists as 
a parasite on various medusa jellyfish species for several weeks (Spaulding, 1972; 
Spaulding, 1974).   
A previous study documented that not all parasites within a given host ctenophore 
are the same size (Reitzel, 2007).  This observation can be explained by three scenarios: 
(1) a ctenophore is infected with multiple E. lineata primary planulae at the same time, 
and the planulae grow at different rates based on their efficiency at positioning and 
feeding within the host; (2) a ctenophore becomes infected with multiple primary 
planulae at successive points in time, such that the earlier-infecting anemones are larger 
than more recent entrants; and/or (3) the size differential is due, at least in part, to 
fragmentation of founding parasites via asexual reproduction.  We have photographed a 
ctenophore with parasites of three different sizes that appear to represent different stages 
of development (Figure 2.6D).  The anatomy and location of these parasites suggests that 
the size differential within this given ctenophore is due to successive waves of 
”colonization” by different anemone planulae at different times. 
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Because M. leidyi are not sexually mature during their parasitic phase, the time 
during which E. lineata parasites reside within their host ctenophores may be considered 
an extension of their larval duration.  Figure 2.6E depicts the influence of 3-5 week 
residency as parasites within M. leidyi on the larval duration of E. lineata larvae 
compared to a confamilial, free-living anemone, N. vectensis. To be fair, regarding larval 
duration, N. vectensis is not the most apt comparison with E. lineata because N. vectensis 
lives in saltmarsh pools, and its larvae are never pelagic. A more apt comparison would 
be with free-living marine edwardsiid; however, at this time, the larval duration has not 
been determined for any other marine edwardsiid.   
The ability to live within their hosts for 3-5 weeks significantly extends the 
known duration of E. lineata’s larval stage.  Taken together, the parasitic and post-
parasitic planula stages are approximately three-to-five times longer than the average 
larval stage for N. vectensis (Figure 2.6E).  E. lineata larvae are therefore likely to spend 
more time as parasites (3-5 weeks or longer) than as post-parasitic planulae (~8-14 days).  
These estimates do not, however, take into account the length of time the primary planula 
may endure a free-living pelagic existence before securing a host. 
For over a century, anthozoan larvae have been known to parasitize gelatinous 
zooplankton, specifically certain cnidarian medusae and ctenophores (Muller, 1860; 
Mark, 1884) . Crowell (1976) presumed that endoparasitism of E. lineata larvae in 
ctenophores had a selective advantage, but he did not speculate as to what that advantage 
was (Crowell, 1976). Nyholm (1943) proposed that parasitism among anthozoan larvae 
may facilitate larval dispersal (Nyholm, 1943), a view echoed by several authors in the 
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past decade (Daly, 2002b; Reitzel et al., 2006; Reitzel et al., 2007a), and discussed in 
relation to several anthozoan species with parasitic larvae (Spaulding, 1974; McDermott 
et al., 1982).  In theory, dispersal capacity could be increased over that of free-swimming 
larvae if: (1) parasitism increases the larval duration; (2) the host has a greater dispersal 
ability than the larvae would on it own; or, (3) the resources acquired during the parasitic 
phase increase settlement efficacy of larvae that spend a long time in their host.  In E. 
lineata, when parasites were removed from their hosts and allowed to develop into 
polyps, the longer the parasite, the more likely (and more quickly) it completed its 
development into a polyp (Reitzel et al., 2007a). As parasite length is presumably 
correlated with the length of time the parasite feeds in the host, E. lineata parasites would 
be under selection to spend some minimum amount of time in side the host in order to 
ensure competency in metamorphosis. Increased dispersal capacity could also be 
advantageous for parasitic anemones, such as E. lineata, if adult populations impede 
larval settlement by covering locally available substrate (Daly, 2002b).    
 
2.4.7 Development of parasitic larva 
The parasitic life cycle of E. lineata is derived within the family Edwardsiidae. To 
understand the evolution of this novel life cycle, it is informative to draw comparisons to 
the direct development of N. vectensis, a free-living edwardsiid anemone. One of the 
major differences between the direct development of N. vectensis larvae into primary 
polyps and the development of primary E. lineata larvae into mature parasites is that the 
parasitic larvae of E. lineata lack tentacles. Within a few days of fertilization, the larva of 
	  	  
79 
N. vectensis has developed its first two tentacle buds. By contrast, after several weeks as 
a vermiform parasite, E. lineata exhibits no sign of tentacle development. If we focus on 
how the secondary planula develops into the adult polyp, there are clear parallels between 
the development of E. lineata and N. vectensis. The secondary planula of E. lineata 
possesses two mesenteries, known as the ventro-lateral couple (Reitzel et al., 2009a).  
Similarly, as the planula of N. vectensis is undergoing metamorphosis into a primary 
polyp, it possesses two mesenteries, the ventro-lateral couple (Hand and Uhlinger, 1992). 
Given that some morphological elements appear at a comparable time in the ontogeny of 
E. lineata and N. vectensis, whereas the timing of others ontogenetic events appears to be 
greatly altered, it is intriguing to speculate that the parasitic stage of E. lineata is 
governed by a similar developmental program to that of N. vectensis, but with key 
differences in the modular spatio-temporal deployment of this gene regulatory 
architecture.   
A morphological comparison of cnidarian ontogenies suggests that developmental 
modularity has enabled the evolution of diverse cnidarian life histories (Reitzel, 2011).  
This paradigm may apply to the evolution of a parasitic life cycle in E. lineata. For 
example, parasitic E. lineata lack tentacles, despite possessing a well-developed mouth, 
pharynx, and gastrovascular system.  Thus, it would appear that tentacle development has 
been decoupled from the development of other oral structures in E. lineata.  
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2.4.8 Metamorphosis of the post-parasitic planula into a polyp 
We observed the onset of metamorphosis following cessation of swimming in the 
planula.  In E. lineata as in N. vectensis, tentacle eruption follows a stereotyped pattern 
during metamorphosis, although the pattern differs between the two congeneric 
anemones (Figure 8). Previous reports have characterized this primary cycle of tentacles 
as possessing eight tentacles (Agassiz, 1884; Crowell and Oates, 1980; Reitzel et al., 
2007a) corresponding to the eight mesenteries. A 16-tentacled stage was noted as 
occurring ”in just a few days” from the onset of metamorphosis by Crowell (1976), who 
also observed that additional tentacles were ”often added later” (Crowell, 1976).  A more 
detailed description of the pattern of tentacle eruption during metamorphosis was 
provided by Crowell in 1980, in which the following stages were characterized: eight 
primary tentacles, with buds of four additional shorter tentacles; 12 tentacles, four of 
which are shorter than the first eight; 12 tentacles, plus the eruption of two pairs of 
adjacent tentacle buds; 16 fully-developed tentacles; 18 tentacles (following the addition 
of two tentacles); 22 tentacles (Crowell and Oates, 1980). 
 In contrast to the earlier reports, we observed an initial eruption of six tentacles 
encircling the pharyngeal slit of the developing pharynx. The eruption pattern of set of 
four tentacles between tentacles two-five of the primary cycle (Figure 2.8C, H) fits one of 
two patterns described by Stephenson (1928) in which metamorphosis proceeds from the 
8-tentacle ”Edwardsia stage”, to a stage possessing 12 tentacles.  The pattern observed in 
E. lineata fits a common anthozoan developmental pattern that is also displayed in 
Sagartia viduata and Bunodactis verrucosa, among others, in which the four new 
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tentacles of the second cycle accompany the development of mesentery couples V and 
VI, erupting between couples I-II and III-VI (Figure 8H) (Stephenson, 1928). Following 
attainment of 12 tentacles, a 16-tentacle stage is achieved via the addition of two pairs of 
tentacles (Figure 2.8D, I).  Though histological evidence is lacking, it is tempting to 
speculate that this ”pair” of tentacles erupts in conjunction with the appearance of the 
first metacneme mesentery couple (metacnemes are mesenteries that arise after the first 
twelve protocneme mesenteries).  This pattern most likely corresponds to Crowell’s 
description of ”12 tentacles, plus the eruption of two pairs of adjacent tentacle buds” 
(Crowell and Oates, 1980).  We also observed the attainment of a 20-tentacle stage via 
the eruption of another set of adjacent tentacle pairs in between the previous set of paired 
tentacles and tentacles of the primary cycle, on either side of the directive axis (Figure 
2.8 E, J).  This differs slightly from Crowell’s staging system from 1980, in which an 18-
tentacle stage was observed after eruption of ”an addition two tentacles; total 18” 
(Crowell and Oates, 1980).  One model for the tentacle eruption at this stage is for these 
second tentacle pairs to erupt in conjunction with the development of the second 
metacneme couple (Figure 2.8J).  As the order of metacneme development is not known 
for this stage of E. lineata’s life cycle, we can only propose models to fit the observed 
tentacle phenotypes.  Another model would be for the two first metacneme couples to 
arise concurrently, and the first and second tentacle pairs to develop successively from 
the mesenteries, rather than concurrently with them.  
 There are two points of significance that can be derived from characterizing the 
spatio-temporal patterning of tentacle development during metamorphosis of E. lineata.  
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First is the relative timing of the original set of tentacles.  At settlement, E. lineata has 
been reported possess eight tentacles in the primary cycle (Agassiz, 1884; Crowell and 
Oates, 1980; Reitzel et al., 2007a). This study suggests the initial number of tentacles at 
time of settlement is six (Figure 2.8A).   A paper characterizing the taxonomy, anatomy, 
and histology of E. lineata in 2002 (Daly, 2002b) described the arrangement of tentacles 
in adult polyps as numbering” 18-36, in 2-3 cycles, 6 tentacles of innermost cycle 
longest.”  Daly’s description of the innermost cycle of tentacles numbering six, and those 
six being the longest, is congruent with our own observations (Figure 2.8A).  These 
tentacles also retain their advantage in length relative to the subsequent tentacle cycles 
throughout development (Figure 2.8B-E).  It is likely that the variation in reported 
tentacle emergence numbers by various authors on E. lineata reflects subtle differences in 
observational timing and/or viewing angle. 
The second noteworthy point is the directionality of the eruption pattern: the 
tentacles emerged in distinct patterns relative to the directive axis.  The first two tentacles 
of the second cycle emerged bilaterally about the directive tentacle opposite the 
siphonoglyph.  The 16 and 20-tentacle stages were achieved via eruption of tentacle pairs 
flanking each side of the directive axis between the dorsal directive and dorso-lateral 
mesenteries. Bilaterality of cnidarian anatomy and development was largely ignored 
during the 20th century (despite being recognized by previous generations of scientists in 
a number of contexts, including: tentacle eruption patterning in anthozoan larva by 
Agassiz in 1862 (Agassiz, 1862), bilateral symmetry in the external morphology of free-
swimming Renilla planula by Wilson in 1880 (Wilson, 1880), and internal anatomy of 
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anemone polyps by Stephenson in 1928 (Stephenson, 1928)). One contributing factor 
may have been the general obscurity with which some of these bilateral features manifest.  
For example, bilaterality of internal anatomical structures (Stephenson, 1928) expressed 
RNA transcripts (Hayward et al., 2002; Finnerty et al., 2004; Matus et al., 2006a), and/or 
proteins (Ikmi and Gibson, 2010), is not easily viewed. This study’s documentation of 
readily visible, external developmental events, such as tentacle eruption, that occur 
bilaterally in sea anemone development is therefore a useful addition. 
 
2.4.9 Asexual Reproduction 
E. lineata can reproduce via two forms of asexual reproduction: transverse fission 
(Crowell and Oates, 1980; Reitzel et al., 2009b) and polarity reversal (Reitzel et al., 
2009b).  These alternative asexual developmental trajectories are distinguished from one 
another in several respects. (1) Orientation of daughter clone primary body axis. In 
physal pinching, the oral-aboral axis is maintained in the daughter clone, while polarity 
reversal involves the establishment of a second primary body axis at the aboral end of the 
polyp, 180 degrees to the primary body axis of the parent.  (2) Chronology of 
development events.  During transverse fission, the polyp cleaves into two fragments via 
a constriction of the body column transverse to the primary oral-aboral body axis (Fig. 
2.13).  The resulting propagules regenerate their missing structures (e.g., aboral 
tissue/physa for the oral fragment, and oral tissue/mouth/tentacles for the aboral 
fragment) along the original oral-aboral body axis, eventually resulting in two distinct, 
yet genetically identical polyps.  In polarity reversal, the timing of developmental events 
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is reversed.  First, aboral tissue is converted into oral tissue, essentially turning the sea 
anemone’s former ”foot” into a new ”head”, and disrupting the oral-aboral axis by 
creating a ”head” oriented 180 degrees to the original axis (Fig. 2.12C).  Following 
establishment of the second oral pole, development along a new oral-aboral axis 
progresses, with development of a pharynx, expansion of the existing mesenteries into the 
new oral region, and eventually formation of a common aboral pole along the midpoint of 
the anemone, at which point the anemone cleaves into two halves, each containing oral 
and aboral tissue.  Thus, in polarity reversal, the sequence of developmental events is 
reversed, such that tentacle eruption initiates the observable process, and once oral tissue 
identity has been established at the aboral pole, the process of cleavage can begin. 
 
2.4.10 Asexual reproduction in the parasitic stage 
We observed both polarity reversal and physal pinching in the parasitic stage.  
The onset of fission was marked by a visible circumferential constriction perpendicular to 
the primary oral-aboral body axis (Figure 2.9A-B, I).   We observed this constriction in 
parasitic stage larvae that were still inside their ctenophore hosts (Figure 2.9A, I).  This is 
in contrast to the previous report of parasitic physal pinching, in which observations of 
this reproductive mode were made in parasites that had been recently excised from their 
hosts (Reitzel et al., 2009a). In contrast to the manner of physal pinching that occurs in 
the polyp stage of this species, and its sister genera, N. vectensis, the constriction was 
located towards the oral end of the anemone, just below the end of the pharynx (see Fig. 
2.13 for a schematic depiction of this difference). At this time, E. lineata is the only sea 
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anemone to known to undergo asexual reproduction in pre-adult stages.  Mechanically-
induced shear stress has been shown to fragment coral embryos under laboratory 
conditions, and the relatively unexplored potential for clonal propagation of drifting coral 
embryos may turn out to be commonplace across the world’s coral reefs (Heyward and 
Negri, 2012).  Pre-adult asexual reproduction also occurs in the free-swimming larva of 
Polypodium hydriforme, an enigmatic cnidarian with hydrozoan affinity that also 
possesses a parasitic life stage (Raikova, 1994).  We make a distinction here between 
asexually brooded planula (e.g., Pocillopora damicornis (Stoddart, 1983)) that are the 
result of parthenogenesis at the oocyte stage (Permata, 2000), and the aforementioned 
examples of asexual reproduction in larval stages.  The apparent heterochronic shift 
towards asexual reproduction in the parasitic stage may enable E. lineata to achieve a 
mixture of asexual and sexual reproduction in a dispersing life stage; a strategy employed 
by the indo-pacific reef building coral Pocillopora damicornis (Combosh, 2013). E. 
lineata (and many cnidarians) already employ a ”mixed” strategy of sexual and asexual 
reproduction because of generally facile asexual reproduction in adult life stages. 
However, the effective asexual reproductive output of a dispersing planula stage differs 
from the asexual reproduction that also occurs in the sedentary, polyp stage, because the 
offspring of asexual reproduction of polyps would be highly limited in dispersal 
compared to asexual propagules formed during the parasitic stage, which is effectively 
pelagic throughout its duration within host ctenophores.  This ”mixed” strategy may offer 
an advantage in that it achieves a mixture of sexual and asexual reproduction without 
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incurring the comparative disproportionate investment in resources of r-strategy sexual 
reproduction versus asexual reproduction via fission. 
 
2.4.11 Polarity reversal in the parasitic stage 
We report the first documentation of polarity reversal in the parasitic stage 
(Figure 2.9J). A previous study characterizing aspects of the life history and 
developmental biology of E. lineata noted the occurrence of two-headed juveniles among 
recently-settled polyps, but did not observe fission via polarity reversal in the parasitic 
stage (Reitzel et al., 2009a).  The report here of polarity reversal at the parasitic stage 
pushes back the window of time during development when this anemone appears to be 
competent to undergo this form of asexual reproduction.  Polarity reversal was not 
observed in polyps.  These results, when taken together with previous description of 
polarity reversal in ’settled juveniles’ (Reitzel et al., 2009a), suggest that transverse 
fission via polarity reversal may only initiate in the parasitic or planula stage.  Adult E. 
lineata polyps might not be competent to undergo this form of asexual fission.  Indeed, E. 
lineata polyps undergoing regeneration following bisection under Wnt-induced 
conditions failed to develop ectopic oral tissue in the regenerating region (Stefanik, 
unpublished).  This is in contrast to the facility with which ectopic oral tissue is induced 
during regeneration in the confamilial sea anemone, N. vectensis (Trevino, 2011). There 
may be selective pressure against polarity reversal in E. lineata polyps because eruption 
of tentacles at an ectopic oral pole might disrupt attachment to its substrate.  If suitable 
substrate is locally restricted, such detachment could reduce the fitness of the anemone.  
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A heterochronic shift towards asexual reproduction in the parasitic stage could be 
selectively advantageous if it affords the polyp with an opportunity to double its nutrient 
intake in a relatively rapid fashion.  A two-headed juvenile polyp might be subject to the 
same deleterious circumstances surrounding attachment to suitable substrate upon 
settlement as would an adult polyp undergoing polarity reversal, so it would appear that a 
two-headed juvenile (reported in Reitzel, 2009) could also be at a selective disadvantage.  
Reitzel’s report of two-headed juveniles was based on observations from specimens 
which were developing following manual excision from host ctenophores (Fig. 2.12B), 
and therefore may not represent the developmental trajectory that might naturally occur 
without human intervention (Fig. 2.12A).  For example, if polarity reversal is initiated 
and completed in the parasitic stage (as is the case with physal pinching), then the 
resulting asexual progeny would all have single oral-aboral body axes containing a single 
pharynx and aboral end upon metamorphosis into planula and settlement into juvenile 
polyps (Fig. 2.12A), thereby obviating the potentially maladaptive scenario of settlement 
with two heads. 
   
2.4.12 Asexual reproduction in the polyp stage 
We observed transverse fission via physal pinching in the polyp stage, and herein   
provide the first photographs of this process taken at 24-hour intervals (Figure 2.10) and 
characterization of the pattern of tentacle eruption (Figure 2.11).   As reported in Reitzel 
et al. (2009), the initiation of fission was marked by a circumferential constriction 
approximately mid-way along the oral-aboral axis that lasted for several days.  Following 
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fission, the aboral fragment lay adjacent to the oral fragment, and was attached to the 
former via fibrous periderm. The two fragments were separated manually, and 
development was observed for each propagule independently. Crowell (1980) reported 
the appearance of tentacle buds following transverse fission of the polyp at around 5 days 
(Crowell and Oates, 1980), which is consistent with the observations reported in this 
study (Figure 2.10).  However, Crowell reported that ”by the time the first bud begins to 
elongate, sixteen buds are present”, which contrasts with our observation of an 
intermediate stage at which 8 tentacles of the first cycle appear much longer than the 
buds of the second cycle (Figure 2.10; Figure 2.11).  Crowell was the first to observe that 
the pattern of tentacle eruption differs between asexual fission and metamorphosis 
following embryogenesis, as he contrasted the “near simultaneous” emergence of 16 
tentacles following transverse fission of the polyp, with the step-wise eruption of 
tentacles following larval metamorphosis, in which he observed distinct 8- and 12-
tentacle stages preceding the 16 tentacle stage (Crowell and Oates, 1980).   Reitzel et. al. 
(2009) reported simultaneous tentacle eruption of 8- or 16- tentacles during regeneration 
of the oral disk following transverse fission.  By contrast, we observed an initial eruption 
producing 8 tentacle buds, which are complemented a day or two later by the eruption of 
an additional 8 tentacle buds located in between each of the elongating tentacles from the 
primary cycle. Possible causes of the discrepancy between the reported tentacle eruption 
pattern of this study compared to previous accounts  (Crowell and Oates, 1980; Reitzel et 
al., 2009b) could be due to the very limited sample size (n=1) in this study. It is not clear 
how many anemones were observed in Reitzel’s observations, however, Crowell reported 
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observations of eight specimens whose development following metamorphosis from 
swimming larva were individually monitored for about six months (Crowell and Oates, 
1980). A potentially confounding variable contributing to this discrepancy in 
characterized tentacle patterning could be the temporal resolution of the observations.  
Clearly, observations should be made on a daily basis or more frequently to discriminate 
the primary and secondary tentacle cycles.  
 Our observations show that the tentacle eruption pattern differs between 
alternative life history trajectories within E. lineata (Figure 2.11).  In metamorphosis 
from a planula to a polyp, the tentacles erupt in recognizable stages of 6, 8, 12, 16, and 20 
tentacles arrayed in distinct patterns about the directive axis (Figure 2.8A-J; Figure 2.11).  
During regeneration of the oral disk following asexual fission, the tentacles erupt in two 
discrete cycles of eight tentacles. The differences in tentacle eruption pattern between the 
alternative life history modes of larval settlement and asexual ”physal pinching” point 
towards a modularity of tentacle development that is context-dependent.  As previously 
noted (Reitzel et al., 2009a), the larva of N. vectensis, another Edwardsiid sea anemone, 
undergo settlement into polyps with only four tentacles.  A comparison of the four-
tentacle eruption pattern of N. vectensis (which is derived within this family of sea 
anemones), to that described herein for E. lineata, suggests that the tentacle patterning 
program is modular, and that this developmental module is an evolutionary character that 
is divergent between N. vectensis and E. lineata. 
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2.5. Conclusion 
To formulate hypotheses and explanations for the mechanisms of development, 
and the evolution of life histories, it is necessary to characterize both the phenotypic and 
ecological aspects that shape life histories.  To this end, we employed an Integrative 
Biology approach, incorporating phylogenetics, in situ field observations, historical data, 
field-based infection frequency data, laboratory developmental manipulation, and 
morphological characterization of developmental events throught alternative life history 
trajectories of the sea anemone, E. lineata.   Taken together, these data complement one 
another to enhance our understanding of the life history repertoire of this sea anemone, 
and provide new information that is useful towards proposing theories and mechanisms 
for developmental characteristics and their evolution. 
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Figure 2.1: Life history evolution within the Edwardsiidae 
A. Schematic depicting the hypothesized ancestral sexual reproductive life history of the 
last common ancestor of E. lineata and N. vectensis.  B.  Schematic depicting the sexual 
reproductive life history of E. lineata, which retains ancestral polyp and planula stages, 
while interposing derived parasitic and post-parasitic planula stages.  C. Schematic 
depicting the sexual reproductive life history of N. vectensis, which possess only the 
ancestral polyp and planula stages.  D-F. E. lineata life history stages that are derived 
within the Edwardsiidae.  D. Planula-to-parasite transition.  E. Parasite.  F.  Parasite-to-
planula transition.  G-L.  Life history stages representing the ancestral condition that are 
common to both sea anemones.  G. E. lineata planula.  H. E. lineata juvenile polyp 
following metamorphosis of the planula.  I.  Adult polyp of E. lineata. J. N. vectensis 
planula.  K. N. vectensis juvenile polyp.  L. N. vectensis polyp.  Not depicted according to 
scale. 
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Figure 2.2: Anatomy of E. lineata polyp and parasite life stages 
A. Photograph of a mature polyp with annotations regarding the external anatomy and 
terminology used in this paper.  B.  Diagrammatic representation of the internal anatomy 
in a longitudinal section passing through the directive axis of a polyp.  C. Diagrammatic 
representation of the internal anatomy in a section transverse to the oral-aboral axis at the 
polyp’s pharynx.  Macrocnemes are labeled according to the order in which they develop: 
the ventro-lateral mesenteries (Vl) are the first to develop, followed by the dorso-lateral 
mesenteries (Dl), the ventral directives (Vd), and the dorsal directives (Dd).   The last 
four protocneme mesenteries to develop appear as single microcnemes (mi), located 
singly within the lateral and ventrolateral mesenterial compartments.  The next 
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mesenteries to develop, part of the metacnemes, appear as microcnemes within the dorso-
lateral compartments.  The siphonoglyph (Si) is associated with the ventral directives.  
Abbreviations:  mi = incomplete mesentery, pm = parietal muscle, rm = retractor muscle, 
si = siphonoglyph.  D. Photograph of a parasite excised from its host with annotations on 
the external anatomy and terminology used in this paper.  E. Diagrammatic representation 
of the internal anatomy in a longitudinal section passing through the directive axis of a 
parasite.  F. Diagrammatic representation of the internal anatomy in a section transverse 
to the oral-aboral axis at the parasite’s pharynx.  Labels and abbreviations are the same as 
in panel C.  	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Figure 2.3: Ecology of E. lineata polyps 
A. Photograph of E. lineata colonies in their natural habitat.  B. Photograph of a single E. 
lineata colony (center, and lower left) adjacent to the tunicate, Ciona intestinalis, at right.  
C. Photograph of several E. lineata polyps collected from a single colony.  Scale bar in A 
~3cm; B ~1cm; C = 0.5 cm.  tn = tentacles; c = column; p = periderm. 	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Figure 2.4: Field observations of the frequency of infection of the sea walnut, M. leidyi, with parasitic E. lineata 
A. Scatterplot depicting the infection frequency of M. leidyi with parasitic E. lineata 
during the summer and autumn months compiled by several authors over the past 50 
years.  B. Graph of the ocean surface temperature at Woods Hole in 2012.  Vertical 
dashed lines indicate the earliest and latest dates on which primary planulae were 
observed between 2010-2013.  C. Infection frequency at 24-hr intervals over a five-day 
period. 	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Figure 2.5: Primary E. lineata planulae 
A. Photograph of an M. leidyi specimen infected with four E. lineata parasites of varying 
morphology.  A primary parasite (arrow) is embedded within the gastrovascular tract, but 
has not yet developed the vermiform shape characteristic of more mature parasitic larvae, 
which are visible in this panel. B. Close-up of a primary parasite embedded within the 
host’s mesoglea.  C. Several primary parasites embedded within the mesoglea 
surrounding the aboral end of the M. leidyi gastrovascular system.  D. Photograph of a 
primary parasite depicting extensive external cilliation, oral aperture and blind 
gastrovascular cavity. Scale bars: A = 0.5 cm; B = 0.5 mm; C = 2 mm; D = 0.5 mm 
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Figure 2.6: Developmental dynamics of E. lineata parasites 
A. Photograph of several primary parasites embedded within the mesoglea around the 
aboral end of the gastrovascular cavity of a single M. leidyi specimen.  B. Photograph of 
the same ctenophore and parasites 72 hours after the photograph in panel A was taken.  
C.  Photograph taken 7 days after the initial observation.  D. Photograph of four E. 
lineata parasites depicting the size differences between primary and mature parasites.  E. 
Histogram depicting the duration of time for which larva of E. lineata and N. vectensis 
exist as free-swimming and parasitic, and the potential impact on the pelagic larval 
duration of these anemone larvae. Scale Bar A = 3 mm; B =  4 mm; C = 10 mm; D = 2 
mm  
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Figure 2.7 Developmental phenotypes of E. lineata parasites 
A.  Primary parasite is somewhat ovoid in shape, with minimal pharyngeal structures.  B. 
Primary parasite becomes more elongate.  C. Pharyngeal tissue at the oral end of the 
parasite expands, and the pharynx and gut become more visible.  D. Further development 
of the pharynx and mesenteries.  E.  Elongation of the body column.  F-G. Elongation of 
the body column continues, as the aboral region develops into a physa.  H-J.  Column and 
aboral region growth continues in a vermiform fashion, while the pharynx develops 
further.  * indicates location of mouth.  ph = pharynx; ms = mesenteries.  Scale bar in A = 
0.5 mm; B = 0.5 mm; C = 0.5 mm; D = 0.75 mm; E = 1 mm; F = 1 mm; G = 2 mm; H = 2 
mm; I = 2.5 mm; J = 4 mm. 	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Figure 2.8: Tentacle eruption during metamorphosis of planula into polyp stage 
A-E.  Photographs of the oral end of juvenile E. lineata polyp depicting the pattern of 
tentacle development about the directive axis. A.  Six tentacle buds erupt to form the 
primary cycle of tentacles.  B. Two additional tentacle buds erupt for a total of eight 
tentacles (arrows).  C. Four tentacle buds erupt in between the lateral and ventro-lateral 
mesenterial compartments (arrows).  D. Two pairs of tentacle buds erupt within the 
dorso-lateral mesenterial compartments (arrows).  E. Another two pairs of tentacle buds 
erupt adjacent to the first pair, within the dorsolateral compartments (arrows).  F-J. 
Schematic diagrams representing the putative internal anatomy of the polyps at each 
stage of tentacle development.  Diagrams are drawn as transverse sections through the 
pharynx, upon which the arrangement of tentacles is overlaid.  F. Six tentacles erupt.  
Two tentacles lie within the mesenterial compartments between the dorsal and ventral 
directive mesenteries.  Single tentacles are also located in both ventral compartments, as 
well as each ventro-lateral compartment.  G. Two tentacles emerge on either side of the 
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dorsal directive tentacle, within the dorso-lateral compartments.  H.  Tentacles emerge 
concomitantly with the development of microcnemes (red lines) within the ventral and 
ventro-lateral mesenterial compartments.  I. A pair of tentacles erupts within each dorso-
lateral compartment synchronously with the development of a dorso-lateral protocneme 
mesentery couple (red lines).  J.  Another pair of tentacles erupt adjacent to the previous 
pair within the dorso-lateral compartment in conjunction with the development of the 
second dorso-lateral protocneme couple (red lines). 	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Figure 2.9: Asexual reproduction of E. lineata parasites 
A.  Photograph of several parasites within a single ctenophore.  The parasite in the lower 
left of the picture is undergoing transverse fission via physal pinching.  B.  The 
circumferential constriction characteristic of the initiation of physal pinching is visible in 
the excised parasite.  C. The same parasite, photographed several minutes later following 
the dislocation of the oral and aboral propagules.  D.  Magnified view of the aboral 
propagule showing it’s undeveloped oral end (e.g., lack of pharynx or mouth) and fission 
scar.  E. The oral propagule retains the mouth and pharynx, but lacks developed aboral 
tissue.  A fission scar is also visible at the aboral end of this propagule.  F. Photograph of 
a single ctenophore with two parasites that show evidence of recent asexual reproduction.  
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G.  Magnified view of the parasite circled in panel F.  The oral end, marked by an 
asterisk, lacks a mouth and pharynx, while the aboral end is well developed.  H.  
Magnified view of the aboral end of the parasite visible in the upper center of panel F.  
The tissue lacks the well-defined ectodermal layer characteristic of the aboral region of 
parasites.  I.  Parasite undergoing transverse fission via physal pinching within a 
ctenophore.  Note the circumferential constriction below the well-developed pharynx, and 
the distinct ectodermal tissue surrounding the physa at the aboral end.  J.  A parasite 
undergoing transverse vision via polarity reversal.  K.  The same parasite, excised from 
its host.  L.  Janus-headed juvenile polyp, (adapted	  from	  Figure	  3,	  of	  (Reitzel	  et	  al.,	  2009a). Scale bar: A = 10 mm; B-C = 2 mm; D-E = 1 mm; F = 5 mm; G-H = 1 mm; J-K 
= 4 mm; L = 3 mm; I = 1 mm.	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Figure 2.10: Asexual reproduction of E. lineata polyp 
A.  Photograph of an E. lineata polyp in the initial stages of transverse fission via physal 
pinching.  B.  Once constriction is complete, the original polyp has divided into two 
distinct fragments, one containing tissue from the oral side of the circumferential 
constriction, and the other containing tissue aboral to the constriction.  C.  Photographs of 
the oral propagule taken daily for seven days.  D.  Photographs of the aboral propagule 
taken daily over seven days.  Scale bar (lower left) = 2 cm 	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Figure 2.11: Comparison of tentacle eruption patterns across alternative E. lineata life history trajectories 
A.  Schematic diagram depicting two alternative life history trajectories: embryogenesis 
following sexual reproduction.  B.  Diagram depicting the pattern of tentacle eruption 
between metamorphosis of the post-parasitic planula into a polyp (sexual reproduction), 
and regeneration of oral tissue in the aboral propagule during physal pinching (asexual 
reproduction).	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Figure 2.12: Comparison of putative developmental modules across polarity reversal in E. lineata and N. 
vectensis 
A.  Proposed developmental trajectory and modular architecture of polity reversal as it 
might occur naturally in the parasitic form, without human intervention/excision.  B.  
Proposed developmental trajectory for parasites in the process of reproducing via polarity 
reversal that have been interrupted by an external force (e.g., excision). C.  Polarity 
reversal and proposed modularity in the N. vectensis polyps. 
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Figure 2.13: Comparison of putative developmental modules across transverse fission in E. lineata and N. 
vectensis 
A.  Proposed developmental trajectory and modular architecture of transverse fission as it 
might occur naturally in the parasitic form, without human intervention/excision (E. 
lineata only).  B.  Transverse fission and proposed modularity in the polyp stage (shared 
by N. vectensis and E. lineata). 
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Table 2.1: Residency duration of E. lineata parasites within host M. leidyi 
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CHAPTER THREE 
PRODUCTION OF A REFERENCE TRANSCRIPTOME AND 
TRANSCRIPTOMIC DATABASE (EDWARDSIELLABASE) FOR THE LINED 
SEA ANEMONE, EDWARDSIELLA LINEATA, A PARASITIC CNIDARIAN 	  	  
3.0 Introduction and Acknowledgements 	   This	  chapter	  is	  based	  on	  the	  manuscript	  entitled,	  “Production	  of	  a	  reference	  transcriptome	  and	  transcriptomic	  database	  (EdwardsiellaBase)	  for	  the	  lined	  sea	  anemone,	  Edwardsiella	  lineata,	  a	  parasitic	  cnidarian”,	  which	  was	  published	  in	  BMC	  Genomics	  (2014,	  vol	  15,	  issue	  71).	  	  This	  publication	  was	  a	  highly	  collaborative	  effort,	  and	  I	  am	  grateful	  to	  all	  co-­‐authors,	  particularly	  Tristan	  Lubinski	  and	  Brian	  Granger,	  for	  their	  participation	  in	  this	  project.	  	  Much	  of	  the	  transcriptome	  assembly	  was	  performed	  by	  Tristan	  Lubinski.	  	  Brian	  Granger	  produced	  the	  rarefaction	  curve,	  and	  led	  the	  phylostratigraphy,	  Gene	  Ontology	  and	  metabolic	  pathway	  analyses.	  	  The	  database,	  EdwardsiellaBase,	  was	  primarily	  the	  work	  of	  Tristan	  and	  Brian,	  and	  is	  based	  off	  the	  structure	  of	  previous	  relational	  databases	  from	  the	  Finnerty	  Lab,	  
StellaBase	  and	  PocilloporaBase.	  	  Details	  concerning	  the	  database	  construction,	  beyond	  what	  is	  described	  in	  this	  chapter,	  can	  be	  found	  in	  the	  published	  manuscript,	  but	  are	  not	  included	  herein	  because	  they	  lie	  outside	  my	  principal	  contribution	  to	  this	  project.	  	  I’d	  like	  to	  thank	  both	  Tristan	  and	  Brian	  for	  their	  collaboration	  on	  this	  project	  and	  for	  numerous	  constructive	  discussions	  on	  handling	  next-­‐generation	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sequence	  data	  and	  downstream	  analyses.	  	  In	  cases	  where	  author	  contribution	  to	  a	  figure	  was	  not	  primarily	  my	  own,	  the	  respective	  contributions	  are	  detailed	  in	  the	  figure	  legends.	  	  
3.1 Rationale 
 Parasitism is arguably the dominant trophic strategy on earth, as the number of 
parasitic species is thought to exceed the number of free-living species, perhaps by four-
to-1one or more (Price, 1980; Windsor, 1998). Presumably, every cellular organism is 
subject to parasitism, and parasites affect their hosts in a number of profound ways. For 
instance, parasites have helped to drive the evolution of sex (Lively, 1996) and immune 
systems (Schulenburg et al., 2009). They can markedly change the behavior of their hosts 
(Lafferty and Morris, 1996), influence host species’ mating strategies and genetic 
variation (Coltman et al., 1999; Moore and Wilson, 2002), and contribute to the decline 
of locally threatened populations (Lafferty, 1999; Smith et al., 2006). However, despite 
the prevalence of parasitism and its clear ecological and evolutionary importance, 
parasitic species are relatively poorly characterized. For example, of the 1.5 million 
species currently named by taxonomists, less than one percent are known to be parasites 
(Poulin and Morand, 2004; Poulin, 2007).  
The evolution of parasitism from an ancestral free-living state can be 
accompanied by radical alterations to an organism’s ontogeny, body plan, and life history 
(e.g., polyembryony in parasitoid wasps (Grbić and Strand, 1998)). Despite this, 
relatively few studies have explored the developmental evolution of parasitism, mainly 
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because there are practical and theoretical hurdles to such studies. Foremost, it is often 
difficult to culture parasites in a laboratory setting, as maintaining an obligate parasite 
requires co-culture of a suitable host. Furthermore, in long-established obligate parasites, 
the initial steps in their developmental evolution are often obscured by their lengthy 
evolutionary divergence from free-living outgroups. Finally, parasites are generally not 
regarded as “model” systems, since parasitic life cycles are often highly derived and 
therefore not representative of the ancestral free-living condition in major organismal 
lineages.  
However, while parasitic organisms may be highly derived relative to free-living 
ancestors, the nature of their relationship with host organisms makes them particularly 
interesting for ecological-developmental studies. Parasitic lineages tend to form “highly 
integrative reproductive-developmental-ecological systems” with their hosts that persist 
through space and time (Brooks, 2003). For an obligate parasite, the host represents one 
of the key ecological contexts in which the developmental program must operate.  A 
complete explanation for any body plan feature requires us to place developmental 
changes within an ecological context (Brooks, 2003). Host-parasite systems should 
therefore be particularly informative for studying the evolution of developmental 
programs in their ecological context. 
The lined sea anemone, Edwardsiella lineata, does not exhibit the practical and 
theoretical limitations that hinder the study of many other parasites, making it a 
particularly good model for evolutionary developmental studies of parasitism. The larva 
of E. lineata (Fig. 3.1a) parasitizes the pelagic ctenophore Mnemiopsis leidyi (Fig. 3.1B) 
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(Crowell, 1976). More than 50% of M. leidyi have been found to harbor parasites at 
Woods Hole, MA, which falls within the native range of the ctenophore (Reitzel et al., 
2007a). In the North Sea, where the ctenophore has been introduced, up to 6.3% of 
individuals were found to harbor the parasite (Selander et al., 2010). E. lineata can enter 
its host through the body wall or the mouth, eventually coming to reside adjacent to the 
stomach or one of the eight radial canals that exit the stomach (Crowell, 1976; Reitzel et 
al., 2006; Reitzel et al., 2007a). When situated in the host, E. lineata assumes a novel 
vermiform body plan (Fig. 1C; (Reitzel et al., 2009a)) and feeds upon the ctenophore’s 
gut contents. When ready to exit the host, or upon death of the host, the parasite morphs 
from the elongated form into a planula larva—I will refer to this post-parasitic planula as 
the secondary planula, to differentiate it from the morphologically distinct primary 
planula. The secondary planulae are active swimmers, and can follow one of two 
developmental trajectories, depending on the environment: if presented with a new host, 
they can re-assume the vermiform body plan of the parasite; however, in the absence of a 
second host, they can settle and develop into an adult polyp (Reitzel et al., 2007a). The 
polyps live in dense aggregates on the seafloor or on other available hard substrates. 
Importantly, the parasite is easily collected in infected ctenophores, and it can be 
maintained indefinitely in the lab as an adult polyp or for several weeks as a parasite 
inside a ctenophore host, as described in Chapter 2. The derived developmental trajectory 
that leads from the planula to the vermiform parasite can be compared directly to the 
ancestral anthozoan developmental pathway that leads from the planula to the polyp. 
Additionally, the ontogeny of E. lineata may be compared to that of the starlet sea 
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anemone, Nematostella vectensis, which is a leading cnidarian model system for 
development and genomics (Darling et al., 2005; Stefanik et al., 2013a; Stefanik et al., 
2013b; Wolenski et al., 2013b) and a member of the same family as E. lineata 
(Edwardsiidae) (Daly, 2002a). 
To inform our knowledge of the E. lineata gene repertoire, and how changes in 
expression of particular genes may contribute to ontogenetic changes associated with a 
derived life history, we sequenced and assembled the transcriptome of E. lineata from 
developmental stage-specific cDNA libraries. We also created a database, 
EdwardsiellaBase, as a platform to share sequence information from E. lineata and 
facilitate queries of gene expression across developmental stages. Both the raw reads and 
assembled transcriptomic sequences are publicly accessible via the web interface at 
EdwardsiellaBase.org. 
 
3.2 Methods 
3.2.1 Parasite collection and developmental manipulation 
Ctenophores (Mnemiopsis leidyi) infected with E. lineata were collected from July 
through October of 2009 and 2010 at Woods Hole, MA as previously described (Reitzel 
et al., 2007a). Approximately two hundred E. lineata parasites were extracted from 
approximately 70 M. leidyi using forceps and a scalpel. Approximately 30 of these 
excised parasites (Fig. 3.1C) were immediately harvested for RNA isolation. The 
remaining parasites were transferred to full-strength artificial seawater (Instant Ocean; 
salinity = 36 parts per thousand) and maintained at room temperature, so they could 
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continue their development (Reitzel et al., 2007a). Individuals were then selected to 
represent particular developmental stages based on the duration of their incubation and 
their gross morphological appearance. To represent the parasite-to-planula transition 
stage (Fig. 3.1D), approximately 30 of the developing anemones were collected for RNA 
isolation 12-24 h after their excision from the host. The anemones at this stage of 
development exhibited the following three phenotypic and/or behavioral criteria: (1) 
reduction in pharynx length relative to the parasitic stage, (2) ability to move via cilia, 
and (3) an overall body shape that was intermediate between the vermiform parasite and 
the ovoid planula. To represent the larval stage (the planula; Fig. 3.1E), approximately 30 
anemones were allowed to develop for 2-4 days post host excision. The planulae 
exhibited the following characteristics: (1) lack of transparency, (2) vigorous swimming 
ability, and (3) ovoid shape. Thirty of the remaining larvae were allowed to develop until 
they began showing signs of metamorphosis into polyps (Fig. 3.1F), such as (1) cessation 
of swimming and (2) tentacle eruption. The adult stage (Fig. 3.1G) was represented by 
individuals that successfully metamorphosed into polyps capable of using their tentacles 
to feed on freshly hatched brine shrimp larvae (Artemia salina). Six individuals were 
harvested for RNA isolation at this stage. 
 
3.2.2 RNA isolation, cDNA library preparation, and sequencing 
Total RNA was isolated from pooled specimens for each of the five developmental stages 
(Fig. 3.1C-G). For the four pre-adult stages (parasites, the parasite-to-larva transition, 
larvae, and the larva-to-polyp transition), we used ~30 individuals in each case, which is 
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equivalent to ~100 mg of tissue. For the adult polyp we isolated RNA from six 
individuals. For the pre-adult stages, total RNA was isolated using TRIzol (Life 
Technologies) according to the manufacturers protocol. From adult polyps, total RNA 
was isolated using the Omega Biotek Mollusk RNA Isolation Kit. Subsequently, mRNA 
was isolated from each pool of total RNA using the Poly(A) Purist mRNA isolation kit 
(Ambion). Separate cDNA libraries were prepared for each of the five developmental 
stages using the mRNA Sample Preparation Kit from Illumina. Sequencing of cDNA 
libraries was performed on a Genome Analyzer IIx (Illumina). Each library was 
sequenced on an individual lane of a flow cell using 40-bp, paired-end reads. Overall, the 
five libraries yielded a total of 376,243,854 sequencing reads that passed the Illumina 
GAIIx quality filter.  
 
3.2.3 Transcriptome Assembly 
Each life stage-specific library was individually assembled using Velvet (version 1.1.05; 
(Zerbino and Birney, 2008) and Oases (version 0.1.22; (Schulz et al., 2012). For the 
adult, we used a kmer range of 25-39; for all other stages we used a kmer range of 21-39. 
For all other assembly parameters, we used the default settings for Velvet and Oases. The 
individual assemblies were then merged using both Velvet and Oases to produce a single 
reference transcriptome. The merged assemblies comprise 90,440 contigs.  
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3.2.4 Assessment of sequencing coverage 
We used a random re-sampling approach to assess how sequencing depth affected 
recovery of transcripts. All reads from all stages were aligned to the reference 
transcriptome using Bowtie 2 (v. 2.0.0-beta; (Langmead and Salzberg, 2012)). The 
resulting sam file was then parsed with a custom python script that randomly selects a 
given number of reads from the total reads without replacement. This script then returns a 
file listing the nominal coverage of all contigs in the reference transcriptome, based on 
the contig length, read length, and number of reads aligned to each contig. The file was 
then parsed to assess the amount of contigs at or above each coverage threshold. We 
evaluated subsets of the total reads ranging from zero to all of the reads in increments of 
50 million. The analysis was performed 3 times for each subset size, except for the zero 
and “all” read sets, as the replicates of these sets are guaranteed to be exactly the same 
each time. For each data point, the standard deviation was calculated, and found to be 
negligible (all less than 0.1% of the total contigs that pass a given coverage threshold).  
 
3.2.5 Divergence date estimation for E. lineata and N. vectensis 
To estimate the divergence between E. lineata and N. vectensis, we used a molecular 
clock approach based on the published multi-gene alignment of Erwin et al. (Erwin et al., 
2011). This alignment comprises seven nuclear housekeeping genes (aldolase, 
methionine adenosyltransferase, ATP synthase beta chain, catalase, elongation factor 1 
alpha, triosephosphate isomerase and phosphofructokinase; (Peterson et al., 2004)) and 
three ribosomal DNAs (5.5S, 18S, and 28S rDNA) from 119 taxa. We restricted our 
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analysis to taxa for which Erwin et al. (Erwin et al., 2011) included fossil calibration 
points. The resulting alignment included 87 taxa. We used BLAST searches to identify 
orthologs of all these genes from E. lineata. The E. lineata sequences were manually 
added to the alignment. 
The alignment of protein coding and ribosomal genes was input into MrBayes 
(version 3.1.2 (Ronquist and Huelsenbeck, 2003), as implemented in the CIPRES Science 
Gateway (version 3.3), and a phylogeny was estimated using mixed models for the 
protein and nucleotide partitions of the alignment. We set up one run of four chains using 
two unlinked GTR + gamma models: an amino acid GTR + gamma model was applied to 
the amino acid partition, and a nucleotide GTR + gamma model was applied to the rDNA 
partition. The shape of the gamma distribution was estimated using four rate categories 
for each partition. Chains were allowed to run for 1,000,000 generations, with a burn-in 
of 25%, and sampling every 5,000. The resulting tree for the full set of 87 taxa can be 
viewed in Figure 3.13. 
 Bayesian estimation of divergence dating was carried out using the program 
Phylobayes (version 3.3b; (Lartillot et al., 2009; Lartillot et al., 2013). The current 
iteration of Phylobayes does not support mixed (protein and nucleotide) datasets for 
divergence dating, so we followed the example established by Erwin et al. (Erwin et al., 
2011) and used just the protein-coding characters for the divergence dating analysis. The 
chronogram resulting from Phylobayes can be viewed in Figure 3.14. 
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3.2.6 Transcriptome annotation 
All 90,440 contigs were compared against the non-redundant (NR) database on 
NCBI using BLASTx at a threshold Expect value of 1E-03. Contigs with no match were 
BLASTed against a database of noncoding nucleotides on the NONCODE database (Bu 
et al., 2012) to search for homology to transcribed RNAs that are not translated into 
protein.  
From the BLAST results, the taxonomic source of the top five hits obtained for 
each contig were stored in EdwardsiellaBase. To estimate the phylogenetic origin of 
sequences in the E. lineata transcriptome, protein lists were downloaded from NCBI 
using a series of scripts for a selection of taxonomic categories encompassing taxa of 
increasingly distant evolutionary relationship to E. lineata. The taxonomic categories 
used were: (1) N. vectensis, (2) Cnidaria excluding N. vectensis, (3) Bilateria, (4) 
Metazoa excluding Cnidaria and Bilateria, (5) Eukaryota excluding Metazoa, (6) 
Archaea, (7) Eubacteria, and (8) viruses. For this search, we also used BLASTx at a 
threshold Expect value of 1E-03. 
 GO terms were assigned to contigs through the Blast2GO servers after importing 
the BLAST results. Production of informative graphs about the GO data was generated 
through analysis of the data via a custom Python script that parses a file 
(gene_ontology.obo) from the Gene Ontology ftp site containing information about each 
node and its parent(s) and children. From this, information about the GO hierarchy is 
parsed by the script, and stored temporarily. Using the recovered GO data, and a starting 
node in the hierarchy, the script then looks for nodes below the starting node in the 
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hierarchy for which GO data was recovered in the transcriptome data in order to 
determine the coverage of the sub-hierarchy. With this script, a user can identify all the 
contigs associated with a particular GO term and its subtree. In our analysis, we grouped 
all contigs according to the highest sub-category under the principal GO categories: 
Biological Process, Cellular Component, and Molecular Function (Fig. 3.8; Figures 3.17-
18).   
Blast2GO annotated contigs with Enzyme Commission (E.C.) numbers when 
applicable. Available E.C. numbers for N. vectensis were obtained through the Kyoto 
Encyclopedia of Genes and Genomes (KEGG; (Ogata et al., 1999)). The E.C. numbers 
for E. lineata and N. vectensis were compared to see which enzymes were in both sets, 
and which were exclusive to one anemone or the other. Enzymes were then formatted, 
and cross-referenced to an edge list file from the interactive tree of life to produce a file 
which was uploaded to the iPath2.0 program for visualization (Fig. 3.9 & 3.19 (Letunic et 
al., 2008)).     
 
3.2.7 Recovery of gene families from E. lineata 
We compiled FASTA files containing published protein sequences from N. 
vectensis for bHLH-PAS genes, deiodinases, Fox genes, LIM homeodomains, 
minicollagens, nuclear receptors, Sox genes, and Wnts. We then queried the E. lineata 
transcriptome with these sequences using tBLASTn. The top 10 hits from E. lineata were 
retained from each query. These were used to perform reciprocal BLASTx searches 
versus the FASTA file containing the protein sequences from N. vectensis to verify that 
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each E. lineata sequence is most similar to the original query sequence. This sequence of 
BLAST searches was performed using a custom Python script. In the case of all gene 
families except minicollagens (which are unique to Cnidaria), predicted protein 
sequences were obtained from N. vectensis, E. lineata, and Homo sapiens. Sequences 
were aligned using MUSCLE (Edgar, 2004), and amino acid characters with gaps were 
removed from the alignment. The resulting gap-free alignments were then analyzed using 
ProtTest (v.3; (Abascal et al., 2005)) to determine the best-fit model of amino acid 
replacement according to the Akaike Information Criterion. Maximum-likelihood 
phylogenies were estimated from the edited alignments using the default parameters of 
RaxML-HPC2 (Stamatakis, 2006) as implemented at the CIPRES Science Gateway 
(Miller et al., 2011). To evaluate the support for interior nodes, 1000 replicates of the 
bootstrap were performed (Stamatakis et al., 2008). 
A complete 18S rDNA transcript was recovered from the specimens sequenced 
for this study via a BLAST search of EdwardsiellaBase using N. vectensis 18S rDNA as 
a query sequence. This 18S sequence was then aligned to published 18S sequences for 
eight other edwardsiid anemones using the default parameters of MUSCLE (Edgar, 
2004). Gaps and poorly-aligned regions were removed with Gblocks (Castresana, 2000).. 
A maximum-likelihood phylogeny was estimated from this edited alignment using the 
default parameters of RaxML-HPC2 (Stamatakis, 2006) as implemented at the CIPRES 
Science Gateway (Miller et al., 2011). To evaluate the support for interior nodes, 1000 
replicates of the bootstrap were performed (Stamatakis et al., 2008). 
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For all protein families examined here, we used MEME (Multiple Expectation 
Maximization for Motif Elicitation; (Bailey, 2002)) to identify conserved motifs in 
orthologs and paralogs from the various species sampled. Motif searches were performed 
under the following settings: maximum number of motifs = 10; occurrences of a single 
motif = any number; minimum length of a motif = 5 amino acids; maximum length of a 
motif = 100. Conserved motifs are depicted in the relevant figures to the right of each 
gene’s name (Figs. 3.10, 3.20-25).   
 
3.2.8 Database construction 
EdwardsiellaBase is a relational database constructed in PostgreSQL (version 
8.4.4). It houses the E. lineata contigs generated in this study in addition to the results 
from a number of bioinformatics analyses performed on these contigs. The database 
structure and entity relationships are depicted in Additional File 9. Files to construct the 
database were prepared and parsed from resulting data, and available data from NCBI, 
Expasy, and amiGO. Web pages are generated in real time using Python scripts that 
query the database through the pgdb module for Python. The BLAST suite of programs 
(v. 2.2.24+) is installed on the server, and is run with a query against specific BLAST-
formatted databases using the subprocess module of Python. The raw sequencing reads 
were aligned to the assembled contigs and preloaded into a file structure that allows the 
user to quickly locate and display alignment to a contig of interest through JBrowse (v. 
1.7.6; (Skinner et al., 2009; Westesson et al., 2013). 
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3.3 Results 
3.3.1  Sequencing yield and transcriptome assembly  
Sequencing yielded ~188.1 million read pairs that passed Illumina’s GAIIx 
quality filter (each read pair consisted of two ~40 nucleotide reads from the same original 
RNA transcript). At the time of its publication, the overall sequencing yield of this study 
(~15,000 MB) exceeded that of all but two previously published cnidarian transcriptome 
sequencing projects (Fig. 3.2). The reads were assembled using Velvet (Zerbino and 
Birney, 2008) and Oases (Schulz et al., 2012) over a range of kmer values (21-39 
nucleotides). The assembly comprises 90,440 contigs with an N50 of 1,036 basepairs.  
To evaluate whether our sequencing effort provided thorough coverage of the libraries we 
constructed, we produced a saturation curve that relates the number of sequencing reads 
to the percentage of the 90,440 contigs covered by those reads (Fig. 3.3). We began to 
reach saturation at around 250 million sequencing reads. Three replicates of randomly 
chosen samples of 250 million reads amounted to 10X coverage of 98.4% of the 90,440 
contigs.  
 
3.3.2 Relationship to edwardsiid type specimens 
From our transcriptome assembly, we recovered a complete ribosomal RNA 
transcription unit (18S—ITS1—5.8S—ITS2—28S). We aligned the 18S portion to 
previously published 18S genes of six species from the family Edwardsiidae and one 
outgroup taxon.  The edwardsiid data included three previously published 18S sequences 
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from E. lineata itself. Maximum likelihood analysis places the sequence obtained in this 
study in a clade of four E. lineata sequences, with bootstrap support of 81% (Fig. 3.4). 
 
3.3.3 Molecular divergence dating  
We used a molecular clock approach based on seven concatenated protein-coding genes 
(Peterson et al., 2004) to estimate the divergence date between E. lineata and N. 
vectensis. The analysis included seven cnidarians in addition to 81 non-cnidarian taxa for 
which the full complement of protein sequences is available and robust estimates of 
divergence times from the fossil record exist ((Muller, 1995; Peterson et al., 2004; 
Peterson and Butterfield, 2005; Xian-Guang Hou, 2005; Benton and Donoghue, 2007; 
Paulyn Cartwright, 2007; Peterson et al., 2008; Xingliang Zhang, 2008; Maloof, 2010; 
Sperling et al., 2010; Rota-Stabelli et al., 2011). N. vectensis appears as the most closely 
related taxon to E. lineata in the analysis (Fig. 3.5). The divergence time between these 
two edwardsiid anemones was estimated between 215-364 million years. This compares 
to an estimated divergence time of 504-652 million years between sea anemones 
(Actiniaria) and hard corals (Scleractinia), which is consistent with a recently published 
report (Shinzato et al., 2011).  
 
3.3.4 Taxonomic affinity and inferred phylogenetic antiquity of sequences 
Of the 90,440 contigs in our transcriptome assembly, 40% (36,234) produced 
BLAST hits to sequences in NCBI's non-redundant (NR) protein database, while 60% 
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(54,206) had no BLAST hits (Fig. 3.6A). Most of the raw reads (>71%) map to those 
contigs that produce BLAST hits (Additional File 3.15). Ninety-one percent of the 
contigs that fail to produce BLAST hits are short (100-500 nucleotides in length; 
Additional File 3.14). Nearly three-quarters of the contigs that produced a BLAST hit 
(73.5%) had a top hit to N. vectensis (Fig. 3.6B).  
Taxonomically restricted BLAST searches were performed so that we could 
provisionally ascribe the origin of each of the E. lineata transcripts to a particular 
evolutionary ancestor. For example, a transcript shared with other animal lineages but not 
non-metazoan eukaryotes or prokaryotes would be assigned to the metazoan ancestor. 
Using this approach, we infer that 19.2% of the genes producing BLAST hits originated 
in the common ancestor of Eubacteria and Eukaryotes, another 10.8% originated in the 
common ancestor of animals, and 2.2% originated in the common ancestor of cnidarians 
(Fig. 3.7). Sequences producing hits to distantly related lineages, but not to more closely 
related lineages (e.g., to “Eubacteria” but not to “Bilateria,” “basal Metazoa,” or “other 
Eukaryota”) probably represent contaminating organisms. Approximately 16% of genes 
that produced BLAST hits matched only to sequences from the other edwardsiid 
anemone, N. vectensis.  
 
3.3.5 Gene Ontology (GO) analysis   
Of the approximately 40% of contigs (36,234) that produced a BLAST hit to a 
protein sequence in the non-redundant database at NCBI, roughly half  (18,613) could be 
associated with one or more GO annotation terms. In total, these contigs matched 4,246 
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GO terms. Because most contigs match many GO terms, there are a total of 244,321 
pairings between contigs and GO terms. Using an in-house script, we tallied the number 
of matches to the GO terms in the most inclusive subcategories under “Molecular 
Function” (Fig. 3.8), “Biological Process” and “Cellular Component” (Figs. 3.17-18). To 
place these results in context, we performed the same GO analysis on published ESTs 
from N. vectensis (Putnam et al., 2007). In general, there was a close correspondence 
between the recovery of particular GO categories in these two edwardsiid sea anemones. 
In the 20 categories under “Molecular Function” where a match was possible, we 
recovered a match from one or both of the anemones for 17 GO categories. For these 17 
GO categories, we retrieved an equal number of hits for both anemones in three 
instances, a slightly greater number of hits for N. vectensis in three instances, and a 
greater number of hits for E. lineata in 11 instances. With respect to Molecular Function 
(Fig. 3.8), the recovery of a greater number of hits in E. lineata versus N. vectensis was 
most pronounced for “negative regulation of molecular function” (15 for E. lineata vs. 10 
for N. vectensis), “receptor activity” (21 vs. 12), and  “enzyme regulator activity” (19 vs. 
13).  
 
3.3.6 Metabolic pathway analysis  
To identify metabolic pathways represented by the assembled contigs, we 
extracted the Enzyme Commission (EC) numbers from our Blast2GO results for E. 
lineata. We then cross-referenced these with EC numbers already assigned by The Kyoto 
Encyclopedia of Genes and Genomes (KEGG; (Ogata et al., 1999)) to predicted genes in 
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N. vectensis. Overall, there are 5935 EC numbers, of which, 638 are associated with N. 
vectensis. One or more EC numbers could be associated with 2,148 of the E. lineata 
contigs. These contigs produced matches to 594 EC numbers, of which, 408 are shared 
between N. vectensis and E. lineata, while 186 were found in E. lineata but not N. 
vectensis. The metabolic pathways represented by the E. lineata contigs and N. vectensis 
predicted genes were diagrammed using iPath 2.0 (Fig. 3.9; 3.19 (Letunic et al., 2008)).   
 
3.3.7 Recovery of specific genes and gene families from E. lineata 
To evaluate the comprehensiveness of this transcriptome, we searched for E. 
lineata representatives of eight different gene families that have already been surveyed in 
N. vectensis (Kusserow et al., 2005; Magie et al., 2005; Ryan et al., 2006; Simionato et 
al., 2007; Reitzel and Tarrant, 2009; Reitzel et al., 2010; Srivastava et al., 2010; Zenkert 
et al., 2011): bHLH-PAS, deiodinases, Fox genes, LIM homeodomains, minicollagens, 
nuclear receptors, Sox genes, and Wnts. We also sought to identify the transcription 
factor NF-kB among the E. lineata contigs, because a number of functional studies have 
been performed on NF-kB in N. vectensis (Sullivan et al., 2009; Wolenski et al., 2011a; 
Wolenski et al., 2011b; Wolenski et al., 2013a), and the overall structure of the protein in 
this species (Sullivan et al., 2007a) appears to be derived relative to the ancestral 
condition for metazoans (Gilmore and Wolenski, 2012). To identify members of these 
gene families in E. lineata, we used the known N. vectensis sequences to query the E. 
lineata transcriptome using reciprocal BLAST searches (see Methods). Our searches 
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recovered an equivalent or nearly equivalent number of gene family members in E. 
lineata as had been previously reported for N. vectensis (Table 3.2).  
To evaluate the phylogenetic relationships among gene family members, we 
performed maximum likelihood analyses for bHLH-PAS, deiodinases, LIM 
homeodomains, minicollagens, nuclear receptors and Wnts. With the exception of 
minicollagens, each gene family analysis was based on protein sequences from 
deuterostome (human) and cnidarian (N. vectensis; E. lineata) lineages. Minicollagens 
are specific to cnidarians, and therefore the minicollagen tree contains no deuterostome 
sequences. A phylogeny of Wnt genes is presented in Figure 3.10 (all other phylogenetic 
trees are contained in Additional File 8). Based on the phylogenetic analyses, in almost 
all cases, for each previously reported N. vectensis gene, we recovered an E. lineata 
ortholog. For example, in the Wnt phylogeny, both anemones possess representatives of 
12 out of 13 Wnt subfamilies, and within each of these subfamilies, the sister-group to a 
sequence from N. vectensis is a sequence from E. lineata. The only Wnt subfamily not 
represented in E. lineata or N. vectensis is Wnt9. The protein motif analysis (Fig. 3.10) 
revealed extensive conservation among Wnt proteins from humans and edwardsiid 
anemones. Of note, all but three of the E. lineata Wnt transcripts (the exceptions being 
Wnt10, Wnt6, and Wnt7B) encode predicted proteins that share all motifs found in their 
N. vectensis orthologs.   
As previously reported for N. vectensis (Sullivan et al., 2007b), we have identified 
two Wnt7 splice variants in E. lineata. In the Wnt phylogeny (Fig. 3.10), the two N. 
vectensis variants (7A and 7A) appear most closely related to each other, as do the two E. 
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lineata variants (7A and 7B). This is due to the fact that, within each species, the splice 
variants share a substantial amount of sequence identity (Fig. 3.11). However, the N. 
vectensis Wnt7A appears to share the same exon composition with E. lineata Wnt7A, 
while the N. vectensis Wnt7B shares the same exon structure with E. lineata Wnt7B. A 
phylogenetic analysis of all four sequences based upon only the regions of the protein 
they share in common groups N. vectensis Wnt7A with E. lineata Wnt7A and N. 
vectensis Wnt7B with E. lineata Wnt7B (Fig. 3.11). 
As in N. vectensis (Sullivan et al., 2007a), there appears to be only one NF-kB 
family member in E. lineata. However, unlike N. vectensis, the single E. lineata NF-kB 
reflects the ancestral structure in that it contains both an N-terminal Rel Homology 
Domain (RHD) and a C-terminal inhibitory IkB domain consisting of multiple ankyrin 
repeats (Fig. 3.12). In N. vectensis, the ancestral NF-kB locus is split, so that the RHD 
and IkB domains are encoded by separate loci (Sullivan et al., 2007a; Gilmore and 
Wolenski, 2012).  
 
3.3.8 Edwardsiella lineata database 
The raw sequencing reads and the contigs generated from our transcriptome 
assembly are housed at EdwardsiellaBase (http://www.EdwardsiellaBase.org), whose 
overall organization is based on PocilloporaBase (Traylor-Knowles et al., 2011). The 
database was populated as follows (Fig. 3.28; blue arrows). Each of the assembled 
contigs is associated with a Contig ID, nucleotide sequence, and sequence length. Those 
contigs that produced a BLAST hit at NCBI are also associated with the protein accession 
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numbers from the top five hits, and these numbers were used to retrieve additional 
information from NCBI (Gene/Protein Name and Species Name/Taxon ID). Then, using 
Blast2GO, the protein accession numbers were used to retrieve information about 
biochemical pathways (Enzyme Commission Number; Enzyme Name) and gene 
ontology (Gene Ontology ID; Gene Ontology Term). All contigs were translated in all six 
frames and searched using HMMer to identify conserved protein domains (Pfam 
Accession Number; Pfam Motif Name; Pfam Description Keyword). The raw reads were 
aligned to the assembled contigs using Bowtie 2 (v. 2.0.0-beta; (Langmead and Salzberg, 
2012)).  
The data can be searched by Contig, Protein Family, Metabolic Pathway or Gene 
Ontology (Fig. 3.28; red arrows). EdwardsiellaBase also supports the complete range of 
BLAST options to search the assembled contigs for matches to a query sequence. Finally, 
the JBrowse (Skinner et al., 2009; Westesson et al., 2013) function enables one to view 
alignments of the raw reads to the assembled transcriptome to help assess validity of 
transcripts. A literature database allows users to search the published literature on 
Edwardsiella using matches to keywords or any user-entered text string. The database 
structure and entity relationships are depicted in 3.26.  
 
3.4 Discussion 
3.4.1 Evidence that the transcriptome is representative 
The present study describes a transcriptome assembly for E. lineata based on 
roughly 15 billion nucleotides of RNA sequencing. This is one of the largest 
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transcriptomic datasets currently available for any cnidarian (Meyer et al., 2009; 
Sabourault et al., 2009; Sunagawa et al., 2009; Vize, 2009; Voolstra et al., 2009; Portune 
et al., 2010; Soza-Ried et al., 2010; Polato et al., 2011; Shinzato et al., 2011; Siebert et 
al., 2011; Traylor-Knowles et al., 2011; Lehnert et al., 2012; Moya et al., 2012; Helm et 
al., 2013; Krishna et al., 2013; Sun et al., 2013; Tulin et al., 2013), and approximately 2.5 
times the sequencing yield estimated to be sufficient for assembling a representative 
transcriptome (Francis et al., 2013). To ensure that we captured transcripts expressed 
throughout E. lineata’s complex life cycle, we generated cDNA libraries from five 
distinct developmental stages.  Our saturation analysis showed that (Fig. 3.3) additional 
sequencing of these libraries would result in identification of relatively few novel 
transcripts.  Evidence that the transcriptome assembly is representative of the expressed 
gene repertoire of an edwardsiid anemone is the comparable recovery of GO terms (Fig. 
3. 8; 3.17-18) and gene families (Table 3.2) (Figs. 3.10-3.12; & 3.20-3.25) from E. 
lineata and N. vectensis.  Taken together, these data suggests that our sequencing effort 
was sufficient to produce a representative transcriptome that captures a large fraction of 
the transcript variety encoded by the E. lineata genome. Undoubtedly, we have failed to 
capture some transcripts that are expressed at very low levels during the developmental 
stages studied here, or that are expressed only in different developmental, physiological, 
or environmental contexts. 
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3.4.2 Utility of E. lineata for comparative transcriptomics and genomics 
The utility of any species for comparative transcriptomic and genomic studies 
depends on its relationship to other taxa for which extensive sequence data are available. 
Molecular, morphological, and developmental characters support the placement of E. 
lineata within the family Edwardsiidae and the subfamily Milneedwardsiinae, a clade 
comprising the genera Edwardsiella, Nematostella, Drillactis, and Paraedwardsia (Daly, 
2002a; Daly, 2002b; Daly et al., 2002). The 18S phylogenetic analysis performed here 
confirms the specimens we characterized as E. lineata. This confirmation is important, 
given that we are seeking to establish a reference transcriptome for the species. The 18S 
phylogenetic analysis also supports the placement of Edwardsiella and Nematostella 
within the Milneedwardsiinae (Fig. 3.4). Thus, this study supports the conclusion that E. 
lineata is one of the closest living relatives of N. vectensis. Our molecular clock estimate 
(Fig. 3.5) suggests the divergence between Nematostella and Edwardsiella occurred 
sometime between the early Triassic Period (215 mya) and the early Devonian (>360 
mya). As N. vectensis protein-coding genes appear to evolve at a rate comparable to, or 
even slower than vertebrates (Putnam et al., 2007), the evolutionary distance between 
Edwardsiella and Nematostella is likely sufficient to facilitate the identification of 
functional conservation in protein sequence and structure; i.e., at this distance, sequence 
conservation is not likely to reflect mere phylogenetic inertia. Looking forward, 
comparing genome sequences between these two edwardsiid anemones is likely to be 
useful in identifying conserved cis-regulatory sequences, as has been done for 
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echinoderm species spanning divergences from 35-500 mya (Hinman et al., 2003; 
Romano and Wray, 2003). 
 
3.4.3 BLAST based annotation 
Forty percent of the assembled contigs in the E. lineata transcriptome produced 
BLAST hits to sequences in NCBI's non-redundant (NR) protein database, while 60% did 
not match any protein sequences in the database (Fig. 3.6). This ratio between BLAST 
hits and misses for contigs within the E. lineata transcriptome is comparable to another 
published cnidarian transcriptome assembly for the coral Pocillopora damicornis 
(Traylor-Knowles et al., 2011). The high percentage of contigs in the E. lineata assembly 
that do not produce BLAST hits may be a function of contig size. Ninety-one percent of 
the contigs that fail to produce BLAST hits are relatively short (100-500 nucleotides in 
length; Fig. 3.16). Since BLAST scores are influenced by sequence match length, shorter 
sequences will produce lower scores, and may also be more likely to represent assembly 
artifacts or truncated transcript models. Over two-thirds of the raw reads (>71%) map to 
contigs that produce BLAST hits (Fig. 3.15). 
Another explanation for the presence of contigs in the E. lineata transcriptome 
assembly that produced no BLAST hits to NR protein database is that some of the contigs 
may represent assembly of long, non-coding RNA transcripts, for which no cognate 
protein would exist in the NR database. We used BLASTn to query the NONCODE 
database (Bu et al., 2012) with the set of contigs that produced no hits against the NR 
protein database. This search yielded matches for 354 contigs. The E. lineata 
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transcriptome assembly therefore contains non-coding transcripts, but these transcripts 
represent a small fraction of the total contigs that produced no BLAST hits to the NR 
protein database.   
Given the key position of cnidarians in metazoan phylogeny — as the likely sister 
group to triploblastic bilaterians — there is widespread interest in pinpointing the 
evolutionary origin of cnidarian genes. For example, which genes have been conserved 
since the time of the eumetazoan common ancestor, and which genes are cnidarian 
inventions?  We approached this question using taxonomically restricted BLAST 
searches (Fig. 3.7). Using this approach, we can ascribe putative origins to the genes that 
encode the E. lineata transcripts we recovered. For example, 19.2% of the E. lineata 
contigs generated significant matches to sequences from other Eukaryota, plus 
Eubacteria, and Archaea, suggesting (1) that these genes originated prior to the origin of 
Eukaryota, and (2) they have been conserved in eukaryotes and prokaryotes since that 
time.  The number of hits produced from this analysis can be influenced by a few 
confounding factors, which should be considered when viewing the results.  While it is 
possible that these sequences represent shared transcripts of essential function common to 
the organisms to which we ascribed their origin and their descendent lineages; a 
potentially confounding variable is that it is also possible that some of these sequences 
are transcripts produced by other organisms residing within and/or on the focal taxon, and 
which were subsequently sequenced and deposited in the nr database, or represent 
unintended taxonomic sampling from the holobiont of the anemone in this study.  Due to 
potentially confounding factors, and the relatively permissive BLAST cutoff threshold 
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utilized, the analysis of taxonomic affinity in this study represents a provisional 
phylogenetic stratigraphy of gene origins.  To achieve a more robust assignment of origin 
across the taxonomic breadth of this study, one would need to produce multiple sequence 
alignment and phylogenetic trees for each of the 90,440 transcripts in the E. lineata 
transcriptome. 
The BLAST-based approach used here is also limited by the uneven 
representation of major taxonomic groups in the current NCBI database, including the 
phylum Cnidaria. While over 16% of the E. lineata sequences generated significant 
matches to N. vectensis alone, only 2.2% generated matches to other cnidarians in 
addition to Nematostella. This disparity is likely a reflection of the relatively large 
amount of data from N. vectensis in the database. As more cnidarian taxa are sequenced, 
we expect many of the sequences from E. lineata that currently generate hits to 
Nematostella alone will be shared across the phylum. 
 
3.4.5 Gene Ontology (GO) analysis 
We were able to assign 17 GO subcategory terms under the “Molecular Function” 
ontology to transcripts from either the N. vectensis ESTs and E. lineata sequencing 
produced from this study (Fig. 3.8).  Sixteen of these subcategories were represented in 
transcripts from both sea anemones. However, the Molecular Function subcategory of 
“morphogen activity” was only assigned to sequences from E. lineata. Of the remaining 
16 subcategories, there is a generally close correspondence in presence/absence of 
subcategories within each ontology between the expressed sequence resources from each 
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sea anemone. Taken together, these findings suggest that the transcriptome assembly 
produced for E. lineata is comparably representative of the expressed transcript repertoire 
of an edwardsiid sea anemone as the N. vectensis ESTs.  This interpretation is based on 
the assumption that these two confamilial sea anemones would exhibit similar gene 
ontology distributions in their expressed transcripts as a function of shared, derived 
physiological and genomic characteristics.   
 
3.4.6 Recovery of selected gene families in E. lineata 
The largely consistent recovery of orthologous genes from seven divergent gene 
families in E. lineata and N. vectensis suggests that the genetic repertoire of these two 
edwardsiid anemones is well conserved and that the reference assembly described here 
provides thorough coverage of the E. lineata transcriptome. Figure 3.10 depicts a 
Maximum Likelihood phylogenetic analysis of Wnt sequences from E. lineata, N. 
vectensis, and human, alongside a MEME analysis of the protein coding domains of these 
transcripts.  This analysis reveals extensively conserved protein motif architecture across 
Wnt proteins between cnidarians and human (the deuterostome representative).  
Additionally, motif conservation is high between the two sea anemones, with the entire 
motif complement for each protein being conserved between N. vectensis and E. lineata, 
with the exception of three transcripts (Wnt10, Wnt6, and Wnt7B) in which one or more 
motifs are discordant between the two taxa. All E. lineata sequences used in this analysis 
represent single contigs (with the exception of Wnt3, Wnt1 and Wnt7B, which were 
conceptually spliced).  Taken together with the degree of protein coding motif 
	  	  
137 
conservation between the two sea anemones, this suggests that many contigs represent 
full-length transcripts. The detailed analysis of Wnt7 sequences (Fig. 3.11) also clearly 
supports the conclusion that the Wnt7A/7B splice variants are conserved between N. 
vectensis and E. lineata.  
 
3.4.7 No Evidence for Pervasive Change in Gene Repertoire of this Parasite.  
This study has produced no evidence for pervasive changes in the gene repertoire 
of E. lineata that might have evolved in concert with its novel parasitic life cycle. In 
contrast, a recent study on four cestodes identified extensive losses of genes and 
pathways that are broadly conserved in other animals as well as the origin of specialized 
metabolic pathways adapted to extract nutrients from the host (Tsai et al., 2013). This is 
to be expected given that cestodes are an ancient lineage of obligate internal parasites.  
Although we cannot date the antiquity of parasitism in E. lineata, except to say that it 
must postdate the last common ancestor with N. vectensis, we should not expect 
extensive gene losses in E. lineata, as this parasitic anemone retains all of the life cycle 
stages present in related free-living anemones. Therefore, it would presumably require 
the same developmental regulatory genes and metabolic pathways.  Despite its derived 
life cycle, we expect that there will be genes and proteins for which E. lineata reflects the 
primitive condition, while the free-living N. vectensis, an important cnidarian model 
system, exhibits a derived condition.  NF-kB is such an example, as the NF-kB protein of 
E. lineata reflects the ancestral protein structure, in which the DNA-binding domain and 
inhibitory domain are contained within the same transcript, whereas these domains are 
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split between two separate loci in N. vectensis (Fig 3.12). As an interesting aside, NF-kB 
appears to be one of the genes lost in parasitic cestodes (Tsai et al., 2013). We expect that 
E. lineata has evolved some genetic modifications that would make it better able to 
exploit its host ctenophore, though these may be few in number. A detailed analysis of 
differential gene expression between developmental stages, which is beyond the scope of 
this chapter, is currently underway.  
  
3.4.8 Functionality of EdwardsiellaBase 
EdwardsiellaBase was modeled after the previously published species-specific 
cnidarian databases PocilloporaBase (Traylor-Knowles et al., 2011), and StellaBase 
(Sullivan et al., 2006b; Sullivan et al., 2008), but it expands upon their functionality in 
key ways. As with these published databases, an html-based interface allows users to 
search the assembled contigs using contig identifiers, enzyme names or EC numbers, 
protein families (Pfam), protein names, and Gene Ontology (GO) information (Fig. 3.28). 
The database also features a fully equipped BLAST interface for searching the assembled 
contigs based on sequence similarity to known genes and proteins. New functions include 
a literature search, JBrowse alignment viewer (Skinner et al., 2009; Westesson et al., 
2013), and individual contig pages. The literature search allows the user to query the E. 
lineata literature, much of which has been published in relatively inaccessible venues, 
such as books that are out of print. The JBrowse feature allows users to view alignments 
of reads to assembled contigs to and visualize the relative abundance of transcripts, 
including alternate splice forms. The individual contig page summarizes available 
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information, and also provides a notes section, to which users can submit entries.  
Provisional gene names have been assigned to each contig that produced a BLAST hit 
using Blast2GO. The database may be searched using these gene names, and when a 
name has been assigned to a given contig, that name is provided on the contig 
information page.  
 It is also possible to search for matches to a query sequence using the complete 
set of BLAST options. BLAST searches return a standard BLAST page, with a few 
additional features.  
 
3.5 Conclusions 
 We describe the sequencing and assembly of a reference transcriptome for the 
parasitic cnidarian, the lined sea anemone, E. lineata. This dataset represents a significant 
contribution to the comparative study of cnidarian transcriptomes because of (1) the 
overall sequencing yield (~15,000 Mb of nucleotide sequence), (2) the phylogenetic 
placement of E. lineata as the closest cnidarian taxa to N. vectensis for which appreciable 
molecular sequence data exist, and (3) the fact that E. lineata is a recently evolved 
parasite whose novel life cycle is tractable to laboratory investigation. The assembled 
transcripts published in this study capture the large majority of the transcriptome of this 
sea anemone. The diversity of Gene Ontology terms, metabolic pathways components, 
and gene family members we were able to recover from the E. lineata contigs compares 
favorably with published EST data from N. vectensis. The assembled contigs are 
available in a searchable database, EdwardsiellaBase, that will serve as a platform for 
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studying the evolutionary developmental genomics of E. lineata’s novel, derived parasitic 
life history, and will be useful for comparative transcriptomic studies between cnidarian 
taxa, particularly between E. lineata and N. vectensis. The scripts and computational tools 
employed in this study are included in the supplementary files to facilitate the annotation 
of transcriptome assemblies from other emerging model systems for which genomic data 
are not available. 
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Figure 3.1: Life cycle of E. lineata 
A. A schematic comparison of the life cycles of the free-living sea anemone Nematostella 
vectensis and the parasitic sea anemone Edwardsiella lineata. Not drawn to scale.  B. 
Ctenophore M. leidyi infected with parasitic E. lineata.  Arrow points to parasite’s aboral 
end.  The mouth is located near the junction of the ctenophore’s radial canals. C-G. 
Stages in the life cycle of E. lineata. C. An excised parasite. D. An individual undergoing 
the transition from the parasite to the post-parasitic larva (larva 2 in panel A). E. A post-
parasitic larva. F. An individual undergoing the transition from the post-parasitic larva to 
polyp. G. A polyp. In panels C-G., the anemone is oriented with the mouth facing up.  
Scale bar: 5mm in panel B; 2 mm in panels C,G; 1 mm in panels D-F.  	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Figure 3.2: Published transcriptome sequences for cnidarians 
The methodology and sequencing yield for published cnidarian transcriptomes are 
summarized here. Taxa are arranged based on their phylogenetic relationships, as 
compiled from (Daly, 2002a; Daly, 2003; Kerr, 2005; Pick et al., 2010; Shinzato et al., 
2011; Park et al., 2012).  	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Figure 3.3: Sequencing saturation curve 
The percentage of contigs with nominal coverage of n-fold (Y-axis) is plotted against the 
number of sequencing reads (X-axis). Sequencing sub-samples of a given size were 
randomly selected from the total pool of sequencing reads.  Three replicates were 
performed for each data point. The mean value is shown. The standard error was too 
small to represent visually on this graph. This figure was produced by Brian Granger. 	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Figure 3.4: Phylogeny of edwardsiid 18S sequences 
Maximum likelihood phylogeny of 18S rDNA sequences from six edwardsiid anemones 
and one outgroup taxon, the frilled anemone, Metridium senile. Genbank accession 
numbers are: Edwardsiella lineata: (1) this study: KF155691; (2) Daly et al. (2002): 
AF254378 (Daly et al., 2002); (3) voucher SMNH 105142: FJ899707 (Selander et al., 
2010); (4) voucher SMNH 105141: FJ913836 (Selander et al., 2010); Edwardsia elegans: 
AF254376 (Daly et al., 2002);  Edwardsia japonica: GU473304 (Rodriguez and Daly, 
2010);  Edwardsia timida: GU473315 (Rodriguez and Daly, 2010); Edwardsianthus 
gilbertensis: EU190859 (Daly et al., 2008); Metridium senile: AF052889 (Berntson et al., 
1999); Nematostella vectensis: AF254382 (Selander et al., 2010). The length of 
horizontal branches is proportional to the amount of evolutionary change that is inferred 
to have occurred along that branch; the scale bar at the lower left indicates the number of 
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substitutions per site. Numbers at nodes indicate support for the given clade in 1000 
replicates of the bootstrap. 	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Figure 3.5: Estimation of the Nematostella-Edwardsiella evolutionary divergence A	  portion	  of	  a	  Bayesian	  phylogenetic	  tree,	  based	  on	  seven	  concatenated	  protein-­‐coding	  genes	  and	  three	  ribosomal	  DNAs	  (Peterson	  et	  al.,	  2004;	  Erwin	  et	  al.,	  2011),	  used	  to	  date	  the	  divergence	  between	  Nematostella	  and	  Edwardsiella.	  The	  complete	  analysis	  comprises	  87	  taxa	  (see	  Methods),	  but	  the	  tree	  has	  been	  pruned	  so	  that	  only	  the	  anthozoan	  clade	  (corals	  and	  sea	  anemones)	  is	  shown.	  The	  thick	  gray	  bars	  at	  each	  internal	  node	  represent	  the	  95%	  confidence	  interval	  for	  the	  given	  divergence	  time.	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Figure 3.6: Summary of BLAST hits 
A.  All 90,440 contigs in the assembly were compared to sequences in NCBI’s non-
redundant protein database using BLASTx, and 40% produced one or more matches to 
sequences in the database at a threshold Expect value of -3. B.  Of the 40% percent of 
contigs producing BLAST hits, 73.5% had a top hit to a sequence from N. vectensis. I 
assisted in generating this figure, along with Brian Granger, Tristan Lubinski, and John 
Finnerty.  Data represented were produced through a BLAST performed by Brian 
Granger and Tristan Lubinski.  I drafted the figure and John Finnerty edited and produced 
the published version. 	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Figure 3.7: Inferred phylogenetic antiquity of E. lineata genes 
On the basis of phylogenetically nested BLAST searches, each E. lineata contig was 
tentatively assigned to a particular branch of the phylogeny shown here. I, Brian Granger 
and John Finnerty, generated this figure collaboratively. The data represented in this 
figure were produced through iterative BLAST searches of custom databases made by 
Brian Granger using scripts that he wrote.  I drafted this figure with Brian Granger.  The 
published version of this figure was edited and produced by John Finnerty. 	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Figure 3.8: Recovery of “Molecular Function” Gene Ontology Terms 
Each contig in the Edwardsiella transcriptome assembly that produced a BLAST hit was 
assigned a gene ontology term using Blast2GO. The same analysis was performed for the 
published EST sequences of N. vectensis. The recovery of possible GO terms under each 
of the primary subcategories of “Molecular Function” is shown here. The bars depict the 
total number of terms in each subcategory (gray), the number of subcategories recovered 
in E. lineata (dark blue), and the number of subcategories recovered in N. vectensis using 
a Log scale. The absolute numbers are provided on or above each bar.  I drafted this 
figure with assistance from Brian Granger and John Finnerty.  The data represented in 
this figure were generated from the GO annotation performed by Brian Granger and 
Tristan Lubinski.  GO hits were tallied using a custom script written by Brian Granger. 	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Figure 3.9: Recovery of metabolic pathway components   
The networks shown above depict A. the Krebs cycle, and B. the folate pathway as 
represented by iPath. The nodes represent metabolites, and the edges represent metabolic 
transformations. Green edges indicate pathways that were found in both N. vectensis and 
E. lineata. Red pathways were only found in N. vectensis, and yellow pathways were 
only found in E. lineata. Gray and black edges indicate pathways that were not found in 
either anemone, in the case of gray edges because no Enzyme Commission numbers map 
to these edges, and thus they were impossible to detect in our analysis.  List of gene name 
abbreviations for panels A and C are as follow: gltA = citrate synthase; mdh = malate 
dehydrogenase; aceB = malate synthase A; DAO = D-amino-acid oxidase; 
Figure 9
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aceA= isocitrate lyase; gdhA = glutamate dehydrogenase; sucA = 2-oxoglutarate 
decarboxylase; LSC1 = succinate-CoA ligase; mcmA1 = methylmalonyl-CoA mutase N-
terminal domain; SDHA = succinate dehydrogenase complex, subunit A; gabD 
= succinate-semialdehyde dehydrogenase I; UQCRB = ubiquinol-cytochrome c reductase 
binding protein; folP = dihydropteroate synthase; glyA = serine 
hydroxymethyltransferase; purN = phosphoribosylglycinamide formyltransferase; metF 
= 5,10-methylenetetrahydrofolate reductase; MTHFS = 5,10-methenyltetrahydrofolate 
synthetase; ftcD = glutamate formiminotransferase; folA = dihydrofolate reductase; folD 
= bifunctional 5,10-methylene-tetrahydrofolate dehydrogenase; ppc 
= phosphoenolpyruvate carboxylase; acnA = aconitate hydratase 1; icd - isocitrate 
dehydrogenase; ldh = L-lactate dehydrogenase; fumA = fumarate hydratase; COX = 
Cytochrome c oxidase; atpA = ATP synthase subunit alpha; gabT = 4-aminobutyrate 
aminotransferase; NDU = NADH dehydrogenase.  C. A selection of species that share 
ancestry with E. lineata at various evolutionary distances. The bar graph and numbers 
represent the amount of shared EC numbers between that species and Edwardsiella 
lineata. The species are E. coli, S. cereviseae, H. sapiens, D. melanogaster, C. elegans, 
H. magnipapillata, N. vectensis, and E. lineata. This figure was generated by Brian 
Granger. 	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Figure 3.10: Maximum likelihood tree of Wnt genes 
The tree shown is based on a maximum likelihood analysis of an amino acid alignment of 
the Wnt consensus motif (PF00110). Numbers at nodes represent bootstrap values above 
80%. Branch length is shown in terms of expected number of substitutions per residue 
(bar at lower right).  Conserved motifs were identified using MEME, as described in the 
methods.  Motifs (colored boxes) are drawn to scale, but the inter-motif regions (black 
lines) were altered to allow the motifs to align for ease of visualizing conservation in 
motif composition and order.  	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Figure 3.11: Wnt7 splice variants in E. lineata and N. vectensis 
A. Amino acid alignment of Wnt7A and 7B transcripts from E. lineata and N. vectensis. 
In the gray region, the amino acid sequence and the underlying nucleotide sequence of E. 
lineata Wnt7A is identical to that of E. lineata Wnt7B. Similarly, the amino acid 
sequence and underlying nucleotide of N. vectensis Wnt7A is identical to that of N. 
vectensis Wnt7B. In the regions of the alignment highlighted in blue and pink, the amino 
acid sequence of E. lineata Wnt7A is most similar to N. vectensis Wnt7A (blue) and the 
amino acid sequence of E. lineata Wnt7B is most similar to N. vectensis Wnt7B. B. A 
maximum likelihood phylogeny based on amino acid sequences of Wnt7A and 7B but 
excluding the portion of the alignment shared by E. lineata Wnt7A and Wnt7B (the 
region shaded in gray). Numbers at nodes indicate how many times the given clade was 
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recovered in 1000 replications of the bootstrap. The scale bar represents the number of 
substitutions per site. Taxon abbreviations are as follows: El=Edwardsiella lineata; 
Hs=Homo sapiens; Nv=Nematostella vectensis. C. Diagram of the Nematostella Wnt7 
locus illustrating the similarities and differences of the Wnt7A/7B splice variants 
(adapted from (Sullivan et al., 2007b)). Wnt7A is composed of sequences from exons 1b, 
2, 3, and 6, and Wnt7B is composed of exons 1, 1b, 2, 3, 4, and 5. 	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Figure 3.12: Conservation and loss of motifs in NF-kB 
Conserved protein motifs were identified using MEME. Motifs (colored boxes) are drawn 
to scale, but the inter-motif regions (black lines) were altered to allow the motifs to align 
for ease of visualizing conservation in motif composition and order. The sequences 
included in the analysis were the NF-kB proteins of three cnidarians (Acropora 
millepora, E. lineata, N. vectensis) and one sponge (Amphimedon queenslandica) as well 
as the NF-kB1 and NF-kB2 proteins of Homo sapiens.  This figure was produced by John 
Finnerty. 	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Figure 3.13: Bayesian phylogenetic tree from MrBayes 
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 Figure 3.14: Chronogram from PhyloBayes 
 	   	  
20
0.
0
0.
0
25
0.
0
50
0.
0
75
0.
0
10
00
.0
12
50
.0
Le
pt
og
or
g
Ve
ro
ng
ul
a
D
ro
so
ph
il
G
eo
di
a
Dy
si
de
a
M
et
rid
iu
m
D
an
io
Eu
ci
da
ris
An
cy
lo
st
o
Ac
ro
po
ra
Ha
lis
ar
ca
En
co
pe
G
ib
be
re
ll
Pe
tro
m
yz
o
G
al
lu
s
Te
th
ya
Xe
no
pu
s
H
al
io
tis
Irc
in
ia
Pr
is
tio
nc
Ep
hy
da
tia
Ra
ttu
s
N
ep
tu
ne
a
Bu
cc
in
um
Ye
as
t
An
ad
ar
a
Li
m
ul
us
Le
uc
et
ta
M
el
oi
do
gy
D
en
dr
as
te
Ap
ly
si
a
Sa
cc
og
lo
s
Ae
de
s
G
lo
ss
ob
al
H
al
ic
lo
na
Te
tra
od
on
C
la
th
rin
a
Tr
ib
ol
iu
m
Pa
ra
ce
nt
r
M
on
os
ig
a
An
ol
is
En
al
la
gm
a
C
re
pi
du
la
Ce
le
ga
ns
M
_c
al
ifo
r
O
be
lia
Ar
te
m
ia
N
em
at
os
te
Ci
na
ch
yr
e
Pr
ia
pu
lu
s
N
eu
ro
sp
or
C
la
th
ria
Pe
tro
lis
t
As
ca
ris
Li
tto
rin
a
M
od
io
lu
s
H
yd
ra
Tr
ic
hi
ne
l
D
ap
hn
ia
H
al
ic
ho
nd
Po
m
be
O
sc
ar
el
la
An
te
do
n
Sy
co
n
ElPl
ak
or
tis
Sp
ur
p
H
om
o
H
et
er
or
ha
Le
uc
os
ol
e
Su
be
rit
es
M
_e
du
lis
M
on
od
el
ph
R
hi
pi
ce
ph
An
op
he
le
s
Am
ph
im
ed
o
Tr
ic
ho
pl
a
Ix
od
es
C
ly
tia
As
te
rin
a
C
ho
nd
ril
l
N
uc
ul
a
O
ny
ch
op
ho
Le
st
es
Pt
yc
ho
de
r
31
4.
18
62
51
4.
57
28
34
2.
87
76
42
5.
59
2
36
1.
66
29
38
7.
71
58
26
9.
42
42
48
6.
82
644
40
.1
40
1
33
6.
55
18
64
9.
89
8
55
1.
69
39
79
.1
12
8
46
9.
56
18
50
7.
37
62
48
0.
41
6
14
5.
87
93
26
5.
10
9
50
8.
44
91
48
7.
72
97
22
6.
75
39
38
8.
85
71
37
0.
32
24
37
6.
69
2
67
3.
53
07
86
7.
25
86
27
3.
75
44
27
9.
33
42
88
0.
43
4
34
9.
96
64
34
7.
22
58
27
1.
18
31
32
1.
20
38
63
2.
35
72
16
2.
82
38
5.
11
93
70
1.
48
8
54
1.
23
08
27
0.
91
23
11
2.
55
02
28
7.
36
66
51
0.
30
26
73
5.
53
6
49
4.
65
74
13
4.
71
86
25
4.
88
86
44
6.
21
82
49
8.
54
36
57
7.
72
31
47
0.
83
81
41
3.
76
19
77
9.
15
5
60
5.
61
78
27
2.
68
67
83
9.
00
86
41
7.
99
99
16
1.
37
79
28
2.
12
91
31
4.
74
76
64
7.
09
23
78
2.
9
11
17
.3
07
9
30
6.
62
79 26
7.
78
48
64
3.
48
48
52
6.
01
39
70
2.
41
28
51
0.
88
7
43
.9
55
1
74
3.
01
29
80
0.
22
4
65
6.
04
74
31
0.
87
28
16
2.
29
04
26
8.
46
27
33
9.
52
6
10
80
.5
30
4.
54
39
1.
85
22
50
1.
26
98
36
9.
53
91
68
.4
46
7
56
4.
32
09
23
0.
44
08
	  	  
161 
 
Figure 3.15: Reads that mapped to contigs with BLAST hits 
Bar graphs depicting (A) the average number of sequencing reads and (B) the overall 
number of sequencing reads that map to contigs that produce BLAST hits versus those 
contigs that do not produce BLAST hits. 	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Figure 3.16: Length of contigs that produced BLAST hits 
A histogram depicting the frequency of a range of contig lengths for contigs that produce 
BLAST hits versus contigs that do not produce BLAST hits. 	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Figure 3.17: Recovery of “Biological Process’ Gene Ontology Terms 
Bar graph depicting the recovery of possible GO terms under each of the primary 
subcategories of “Biological Process”.  The bars depict the total number of terms in each 
subcategory (grey), the number of subcategories recovered in Edwardsiella (dark blue), 
and the number of subcategories recovered in Nematostella (light blue) using a Log scale. 
The absolute numbers are provided on or above each bar.  I drafted this figure with 
assistance from Brian Granger and John Finnerty.  The data represented in this figure 
were generated from the GO annotation performed by Brian Granger and Tristan 
Lubinski.  GO hits were tallied using a custom script written by Brian Granger. 
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Figure 3.18: Recovery of “Cellular Component” Gene Ontology Terms 
Bar graph depicting the recovery of possible GO terms under each of the primary 
subcategories of “Cellular Component”.  The bars depict the total number of terms in 
each subcategory (grey), the number of subcategories recovered in Edwardsiella (dark 
blue), and the number of subcategories recovered in Nematostella (light blue) using a Log 
scale. The absolute numbers are provided on or above each bar.  I drafted this figure with 
assistance from Brian Granger and John Finnerty.  The data represented in this figure 
were generated from the GO annotation performed by Brian Granger and Tristan 
Lubinski.  GO hits were tallied using a custom script written by Brian Granger. 
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Figure 3.19: Complete metabolic network comparison of E. lineata and N. vectensis 
The complete collection of metabolic pathways as represented by iPath. The nodes 
represent metabolites, and the edges represent metabolic transformations. Green edges 
indicate pathways that were found in both N. vectensis and E. lineata. Red pathways were 
only found in N. vectensis, and yellow pathways were only found in E. lineata. Gray and 
black edges indicate pathways that were not found in either anemone, in the case of gray 
edges because no Enzyme Commission numbers map to these edges, and thus they were 
impossible to detect in our analysis.  This figure was produced by Brian Granger. 	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Figure 3.20: Maximum Likelihood tree depicting conserved protein motifs for Aquaporin gene family 
members 
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Figure 3.21: Maximum Likelihood tree depicting conserved protein motifs for bHLH-PAS gene family 
members 	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Figure 3.22: Maximum Likelihood tree depicting conserved protein motifs for Deiodinase gene family 
members 
42821%(El)%
Deio2%(Hs)%
Deio3%(Hs)%
3623%(El)%
70850%(El)%
Deio1%(Hs)%
62761%(El)%
Deio1%(Nv)%
Deio2%(Nv)%
Deio3%(Nv)%
Deio4%(Nv)%
65095%(El)%
100%
100%
100%
99%
100%
0.1%
	  	  
172 
	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.23: Maximum Likelihood tree depicting conserved protein motifs for LIM Homeodomain gene family 
members 	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Figure 3.24: Maximum Likelihood tree depicting conserved protein motifs for minicollagen gene family 
members 
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Figure 3.25: Maximum Likelihood tree depicting conserved protein motifs for Nuclear Receptor gene family 
members 	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Figure 3.26: Entity-Relationship diagram for EdwardsiellaBase 
A graphic depicting the database structure and entity relationships of EdwardsiellaBase.  	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Figure 3.27: de novo transcriptome assembly design 
Schematic representation of the bioinformatics strategy used to produce the reference E. 
lineata transcriptome assembly 
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Figure 3.28: de novo transcriptome assembly design 
Schematic representation of the sources of data and user features of EdwardsiellaBase. 	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 Table 3.1: Molecular clock calibration fossil dates 
 	    Taxon 1 Taxon 2 Upper 
Limit 
Lower 
Limit 
Source 
     
Dendraster Encope -1 50 Peterson et al., 2004 
Dendraster Eucidaris -1 255 Peterson et al., 2004 
Dendraster Asterina -1 480 Peterson et al., 2004 
Dendraster Antedon 525 485 Peterson et al., 2004 
Dendraster Saccoglossus 565 -1 Peterson et al., 2008; Lieu 
et al., 2010 
M_edulis M_califorianus -1 20 Peterson et al., 2004 
M_edulis Modiolus -1 235 Peterson et al., 2004 
M_edulis Nucula -1 485 Peterson et al., 2004 
Haliotis Crepidula -1 500 Peterson and Butterfield, 
2005 
M_edulis Crepidula 548 530 Peterson et al., 2008 
Lestes Enallagma -1 120 Peterson et al., 2004 
Drosophila Aedes 295 235 Peterson et al., 2004; 
Benton and Donoghue, 
2007 
Anopheles Enallagma -1 325 Peterson et al., 2004 
Drosophila Priapulus -1 522 Benton and Donoghue, 
2007 
Drosophila Daphnia -1 500 Walossek, 1995 
Daphnia 
 
Rhipicephalus -1 515 Rota-Stabelli et al., 2010; 
Maloof et al., 2010 
Anolis Gallus 299 259 Benton and Donoghue, 
2007 
Homo Gallus 330 312 Benton and Donoghue, 
2007 
Homo  Xenopus 350 330 Benton and Donoghue, 
2007 
Homo Monodelphis 
 
138 124 Benton and Donoghue, 
2007 
Homo Rattus 100 61 Benton and Donoghue, 
2007 
Homo Danio 421 416 Benton and Donoghue, 
2007 
Dani Tetraodon 165 149 Benton and Donoghue, 
2007 
Geodia Verongula 713 -1 Peterson et al., 2007’ 
Sperling et al., 2010 
Nematostella Acropora -1 520 Hou et al., 2005; Zhang et 
al, 2008 
Nematostella Hydra -1 503 Cartwright et al., 2007 
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Table 3.2: Gene Family Comparison between the assembled transcript models from our E. lineata 
transcriptome and published expressed sequences for the sea anemone Nematostella vectensis, and human 
Gene Family 
Edwardsiella 
lineata 
Nematostella vectensis 
ESTs Human 
Fox 17 16 42 
Limhomeodomains 6 4 12 
Minicollagens 3 5 - 
Sox 12 9 20 
WNTs 13 7 19 
Total 28 21   
Comparison of Gene Families Present in Edwardsiella and Nematostella 
 
 
To validate the completeness of the transcriptome, a script was written to detect the 
presence of proteins in the Fox, Limhomeodomain, Minicollagen, Sox, and WNT gene 
families.  Gene family members were identified using BLAST searches with an e value 
of .001.   
 
-Not sure how much detail I should go into about how the script actually works  
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CHAPTER FOUR 
INDUCTION OF CANONICAL WNT SIGNALING BY ALSTERPAULLONE IS 
SUFFICIENT FOR ORAL TISSUE FATE DURING REGENERATION AND 
EMBRYOGENESIS IN THE SEA ANEMONE, NEMATOSTELLA VECTENSIS 	  
4.0 Introduction and acknowledgements A	  large	  portion	  of	  this	  chapter	  is	  based	  on	  the	  manuscript	  entitled,	  “Induction	  of	  canonical	  Wnt	  signaling	  by	  alsterpaullone	  is	  sufficient	  for	  oral	  tissue	  fate	  during	  regeneration	  and	  embryogenesis	  in	  Nematostella	  vectensis”,	  that	  I	  wrote	  with	  Pat	  Burton,	  and	  published	  in	  Developmental	  Dynamics	  (2011,	  vol	  240,	  issue	  12).	  	  The	  version	  included	  herein	  benefited	  from	  the	  keen	  editorial	  input	  of	  John	  Finnerty.	  	  I	  am	  grateful	  to	  the	  assistance	  of	  Boston	  University	  undergraduate	  students	  Sarah	  McAnulty	  and	  Richard	  Rodriguez	  for	  assistance	  with	  experimental	  animal	  manipulations	  and	  phenotype	  scoring.	  	  Diagrammatic	  representations	  of	  N.	  vectensis	  anatomy	  (Fig.4.1B-­‐C)	  are	  courtesy	  of	  John	  Finnerty.	  	  The	  intellectual	  merit	  of	  my	  contributions	  to	  this	  project	  stem	  from	  an	  idea	  of	  mine	  that	  was	  developed	  for	  an	  NSF	  GRFP	  application	  with	  John	  Finnerty.	  	  Though	  the	  GRFP	  application	  was	  unsuccessful,	  the	  core	  idea	  was	  expanded	  in	  a	  grant-­‐writing	  course	  that	  I	  took	  at	  BU	  taught	  by	  Cyndi	  Bradham.	  	  I	  am	  grateful	  to	  Cyndi	  for	  her	  critical	  reviews	  of	  my	  hypothesis	  and	  experimental	  aims	  during	  this	  time.	  	  This	  concept	  was	  further	  developed	  with	  substantial	  input	  from	  John	  Finnerty,	  and	  was	  the	  basis	  of	  a	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research	  proposal	  that	  received	  funding	  as	  a	  National	  Institutes	  of	  Health	  Ruth	  L.	  Kirschstein	  National	  Research	  Service	  Award	  Predoctoral	  Fellowship,	  on	  which	  John	  Finnerty	  and	  I	  are	  co-­‐PIs.	  	  Two	  other	  iterations	  of	  this	  core	  research	  proposal	  concept	  served	  as	  the	  basis	  of	  successful	  applications	  for	  the	  Lerner-­‐Gray	  Marine	  Biology	  Grant	  at	  the	  American	  Museum	  of	  Natural	  History,	  and	  the	  full-­‐year	  Warren-­‐McLeod	  Fellowship	  in	  Marine	  Biology	  at	  Boston	  University.	  	  In	  cases	  where	  author	  contribution	  to	  a	  figure	  was	  not	  primarily	  my	  own,	  the	  respective	  contributions	  are	  detailed	  in	  the	  figure	  legends.	  	  
4.1 Rationale Regeneration	  has	  captivated	  biologists	  for	  over	  250	  years,	  and	  yet	  remains	  one	  of	  the	  least	  understood	  developmental	  processes.	  Our	  understanding	  of	  regeneration	  has	  grown	  rapidly	  over	  the	  past	  decade,	  due	  in	  part	  to	  technological	  enhancements	  and	  utilization	  of	  model	  organisms	  (e.g.,	  planarians,	  Hydra,	  and	  select	  vertebrates)	  tractable	  for	  studying	  regeneration.	  Yet,	  as	  is	  the	  case	  with	  embryogenesis,	  studying	  a	  limited	  number	  of	  taxa	  can	  obscure	  the	  true	  variety	  of	  developmental	  mechanisms	  employed	  across	  diverse	  animal	  lineages.	  Therefore,	  to	  gain	  a	  better	  understanding	  of	  the	  fundamental	  aspects	  of	  regeneration	  shared	  across	  metazoa	  with	  this	  capacity,	  it	  will	  be	  fruitful	  to	  broaden	  the	  number	  of	  taxa	  in	  which	  regeneration	  is	  studied.	  Moreover,	  the	  relationship	  between	  the	  developmental	  processes	  underlying	  embryogenesis	  and	  regeneration	  is	  poorly	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understood,	  primarily	  because	  model	  systems	  for	  one	  mode	  of	  development	  offer	  significant	  hurdles	  to	  investigating	  the	  other	  mode.	  
The sea anemone Nematostella vectensis is a particularly useful model system for 
comparing embryogenesis and regeneration. This small, practically transparent animal is 
capable of sexual reproduction and two distinct forms of asexual fission (Fig. 4.2). 
Additionally, it can rapidly regenerate missing regions body regions along its primary 
axis (Fig. 4.4). Of note, N. vectensis will undergo its complete repertoire of alternative 
developmental/reproductive modes under inexpensive and simple laboratory culture 
conditions (Stefanik et al., 2013a). Investigations into N. vectensis development have led 
to important insights into the evolution of a variety of developmental processes, 
conserved regulatory genes, and signaling pathways during both embryogenesis 
(Wikramanayake et al., 2003; Finnerty et al., 2004; Martindale et al., 2004; Kusserow et 
al., 2005; Matus et al., 2006a)) and regeneration (Burton and Finnerty, 2009). 
N. vectensis is a member of the phylum Cnidaria (Class: Anthozoa), and it has a 
relatively simple adult body plan consisting of just a two main tissue layers, two body 
axes, three main body regions, and a handful of major anatomical structures. Like other 
diploblastic animals, there are two tissue layers (Fig. 4.1B, C): an inner endodermal layer 
(the gastrodermis) and an outer ectodermal layer (the epidermis).  The primary (oral-
aboral or O-A) body axis extends from the mouth to the aboral pole of the adult polyp 
(Fig 4.1A). Along the primary body axis, we can recognize three major body regions: (1) 
the “head;” (2) the centrally located body column; (3) the “foot.” A secondary axis—the 
directive axis— runs perpendicular to the primary axis, through the long axis of the 
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pharynx. The polarity of the directive axis is apparent from the asymmetrical location of 
anatomical structures such as the presence of a siphonoglyph, a ciliated groove located in 
the pharynx located at one end of the directive axis (Stephenson, 1928) (Fig. 4.1B, C) and 
by asymmetric expression of developmental regulatory genes along the directive axis 
including a decapentaplegic homolog  (Finnerty et al., 2004; Matus et al., 2006a).  
The following anatomical structures are readily apparent in the adult polyp: 
mouth, tentacles, pharynx, mesenteries and physa. The mouth lies at the oral end of the 
primary body axis and is surrounded by hollow transparent tentacles, usually numbering 
12-20, that function in prey capture.  Immediately aboral to the mouth is the tubular 
pharynx. Eight primary mesenteries radiate from the pharynx to the body wall. These 
sheets of gastrodermal tissue, which contain the digestive and reproductive cells, taper as 
they extend inferiorly from the pharynx along the body wall, eventually terminating at the 
physa. The physa is a bulbous “foot” at the aboral terminus that is specialized for 
burrowing.  
As discussed in Chapter 1, we hypothesized that developmental modularity has 
facilitated the diversification of cnidarian life histories, but it also constrains the range of 
possible phenotypes (Fig. 4.3). For example, a tentacle appears to be a homologous 
phenotypic module that can originate in diverse developmental and anatomical contexts, 
but it always has the same basic structure. We expect homologous phenotypic modules, 
such as tentacles (Fig.4.3), to be tissue-level manifestations of homologous molecular 
signaling/gene regulatory networks.  Under this model, a phenotypic module, such as a 
tentacle (Fig. 4.1), will be the product of a modular gene regulatory architecture that can 
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be deployed as a cohesive unit in disparate life history contexts (e.g., embryogenesis vs. 
regeneration). We can test this hypothesis by identifying the underlying modular gene 
batteries in different life history contexts where the same phenotypic module is being 
deployed. We can also attempt to manipulate the underlying gene batteries by ectopically 
inducing them or by suppressing their activity where they would normally be active. In 
this chapter, I describe experiments where we used a small molecule inhibitor to 
manipulate the Wnt-signaling pathway in order to test the hypothesis that it plays a 
conserved role in different developmental contexts.  
In triploblastic taxa, the canonical Wnt signaling pathway plays a conserved role 
in patterning the primary axis (Anterior-Posterior or A-P) during both regeneration 
(Gurley et al., 2008) and embryogenesis (Huelsken et al., 2000) (Figure 1.7). The role of 
canonical Wnt signaling in patterning the cnidarian Oral-Aboral axis is supported by 
studies on both major cnidarian lineages, the anthozoa and medusozoa. In medusozoans, 
ß-catenin (a downstream component of the canonical Wnt pathway) has been implicated 
in O-A patterning during embryogenesis and/or regeneration in Hydra (Hobmayer et al., 
2000; Broun et al., 2005; Gee et al., 2010), Hydractinia (Duffy et al., 2010), and Clytia 
(Momose et al., 2008). In anthozoans, our understanding of the role of Wnt signaling 
comes primarily from studies on embryogenesis in N. vectensis, in which it plays a role in 
establishing axial polarity and germ layer specification. Specifically, in N. vectensis, ß-
catenin is selectively degraded at the aboral pole, while it is stabilized and undergoes 
nuclear localization at the site of gastrulation, which marks the future oral end of the 
animal (Wikramanayake et al., 2003). Nuclear localization of ß-catenin proteins was 
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specifically observed in cells that form the endoderm, implying a role in both axial 
patterning and endodermal specification during embryogenesis. In support of this 
hypothesis, ectopic induction of Nv-ß-catenin nuclear localization with lithium chloride 
exposure during embryogenesis results in elongated planulae defective for the ability to 
make the ectodermal components of the pharynx and tentacles (Wikramanayake et al., 
2003). 
We investigated the role of the canonical Wnt pathway during anthozoan 
regeneration by exposing regenerating adult N. vectensis polyps to alsterpaullone, a 
potent inhibitor of the Wnt pathway component glycogen synthase kinase-3ß (GSK3ß) 
(Leost et al., 2000). In canonical Wnt-signaling, activation of the pathway results in the 
accumulation of ß-catenin in the cytoplasm, and its subsequent translocation to the 
nucleus. GSK3b is part of a destruction complex that degrades ß-catenin proteins. By 
inhibiting GSK3b, alsterpaullone prevents the cytosolic degradation of ß-catenin, thereby 
leading to an increase of cytosolic ß-catenin and the activation of the Wnt-signaling 
pathway (even in the absence of Wnt ligand binding on the cell surface). Our results 
indicate that alsterpaullone treatment is sufficient to generate ectopic oral poles 
(including all of the anatomical features of the polyp “head”, such as pharynx, mouth, 
and tentacles) in regenerating tissue at the aboral end of the body column. We also 
observed a similar effect during embryogenesis. In contrast, uninjured adults showed no 
response to alsterpaullone. These results suggest that the canonical Wnt signaling 
pathway plays a consistent role in axial patterning and specification of oral tissue fate 
across multiple developmental modes in N. vectensis, not just during embryogenesis as 
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previously demonstrated (Wikramanayake et al., 2003). Our results also illustrate the 
feasibility of using a small molecule inhibitor across developmental modes in N. 
vectensis. 
 
4.2 Results and discussion 
4.2.1 Treatment with alsterpaullone induces oral tissue fate during 
regeneration in the sea anemone, N. vectensis  
Following bisection, oral fragments exposed to a 48-hr “pulse” of alsterpaullone 
developed a secondary oral pole at the site of tissue regeneration. As early as four days 
post-amputation, all structures of the polyp “head” (mouth, pharynx, and tentacles; Fig. 
4.1) had developed at the terminus of the polyp column 180 degrees in the opposite 
direction of the original head (Fig 4.5B).  In control polyps, regeneration of the physa is 
complete at this time (Fig. 4.5A). Thus, alsterpaullone is sufficient to induce oral tissue 
formation under the developmental context of regeneration.  Following exposure to 
alsterpaullone, major developmental constituents, and hypothesized modules of polyp 
oral tissue (e.g., mouth, pharynx, and tentacles; Fig. 4.3) develop at an ectopic oral pole 
at the site of regeneration (Fig. 4.5B-C). 
As previously indicated, alsterpaullone is a potent inhibitor of GSK3ß, and 
therefore an activator of the canonical Wnt pathway (Leost et al., 2000). Since a hallmark 
of canonical Wnt signaling is nuclear translocation of ß-catenin, we attempted to confirm 
that this molecular effect is conserved in N. vectensis upon exposure to alsterpaullone. 
We attempted to visualize Nv-ß-catenin protein localization during regeneration and 
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embryogenesis. Unfortunately, privately developed antibodies previously employed in 
cnidarians (Wikramanayake et al., 2003; Broun et al., 2005) were not available at the 
time, and a commercial antibody proved non-specific in both Western and whole mount 
applications (data not shown). Therefore, we assessed Nv-ß-catenin RNA levels using 
quantitative PCR as a proxy for measuring ß-catenin protein levels.  Although this assay 
would not be informative regarding the cellular localization of Nv-ß-catenin proteins, 
several lines of evidence from studies in Hydra suggest that assessing Nv-ß-catenin 
transcript expression may be an informative character in assessing tissue fate and 
developmental context in regeneration.  First, Hyß-Cat transcripts are upregulated during 
early phases of regenerating oral tissue (Hobmayer et al., 2000).  Second, Hyß-Cat 
expression is localized to the regenerating hypostome – oral-most region – of Hydra 
polyps following bisection (Hobmayer et al., 2000).  Beginning 2 days post amputation, 
Nv-ß-catenin expression levels were at least two-fold higher in regenerating polyps 
exposed to alsterpaullone as compared to controls (Fig. 4.6). Likewise, expression of an 
aboral marker, the hox gene Nv-anthox1 (Finnerty et al., 2004) was depressed in 
alsterpaullone treated samples 3 to 4 days post amputation (Fig. 3a), consistent with a 
transition from an aboral cell fate to an oral fate in the presence of alsterpaullone. 
Based on similar experiments that manipulated the activity of ß-catenin, the role 
of canonical Wnt signaling as an inducer of oral fates appears conserved across non-
embryonic developmental modes in cnidarians. Canonical Wnt signaling is involved in 
oral tissue formation during asexual budding in Hydra (Hobmayer et al., 2000; Lengfeld 
et al., 2009), and is sufficient to induce oral tissue formation during regeneration 
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(Lengfeld et al., 2009). Additionally, activation of signaling events downstream of Wnt is 
sufficient to induce oral tissue development and repress aboral structures during 
metamorphosis and regeneration in Hydractinia (Duffy et al., 2010).  Taken together, 
these results indicate that the alsterpaullone-induced ectopic development of oral 
structures during regeneration in N. vectensis, Hydractinia and Hydra is due to activation 
of canonical Wnt signaling target genes via inhibition of GSK3ß. Therefore, these data 
support a conserved role for the canonical Wnt signaling pathway in oral patterning of 
adult developmental modes (regeneration and asexual reproduction) across Cnidaria.  
 
4.2.2 Treatment with alsterpaullone induces oral tissue fate during 
embryogenesis in the sea anemone, N. vectensis  
At 10 days post-fertilization, embryos that had been exposed to the 24hr 
DMSO/24hr-alsterpaullone treatment exhibited ectopic oral poles – a duplication of the 
primary body axis – in 60 percent of the 102 embryos observed (Fig. 4.7C; Table 4.1).   
None of the 97 control embryos exposed to DMSO for 48 hours developed 
supernumerary body axes (Fig. 4.7D; Table 4.1).  Treatment with alsterpaullone for 48 
hours produced phenotypes that were similar to those previously characterized 
(Wikramanayake et al., 2003) for treatment with another, less specific GSK3ß inhibitor, 
Lithium Chloride (namely, reduced tentacle outgrowth, swollen pharyngeal tissue, and 
delayed metamorphosis; Fig. 4.7A-B).   
Embryos exposed to alsterpaullone showed increased Nv-ß-catenin expression 
levels after 2 days relative to controls (Fig. 4.6c).  These results are consistent with 
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expression patterns of Nv-ß-catenin that we characterized during regeneration (Fig. 
4.6A). Taken together with the phenotype alsterpaullone phenotype assay in embryos, 
these data are consistent with previous reports of the canonical Wnt signaling pathway’s 
involvement in patterning the O-A axis in cnidarian embryogenesis. Canonical Wnt 
pathway components, Wnt and Tcf, are asymmetrically localized in Hydractinia oocytes 
(Plickert et al., 2006). Two frizzled (Fz) transcripts, (CheFz1, CheFz3), along with the 
Clytia Wnt3 ortholog, CheWnt3, are asymmetrically expressed in Clytia hemisphaerica 
embryos (Momose and Houliston, 2007; Momose et al., 2008). In Nematostella, multiple 
Wnts are expressed in overlapping domains along the oral-aboral axis of the embryo in a 
tissue layer–specific manner (Kusserow et al., 2005).  
 
4.2.3 Treatment with alsterpaullone induces oral tissue fate during wound 
healing, but not homeostasis, in the sea anemone, N. vectensis 
Placing the above results within the context of published Wnt expression patterns 
that are suggestive of a positional information “Wnt code” for axial patterning in 
cnidarian development, we hypothesized that promoting canonical Wnt signaling is 
sufficient to induce oral fates during all life history modes in in N. vectensis.   To this 
end, we examined the morphological response to alsterpaullone during two additional 
developmental stages: wound healing and homeostasis in adult polyps. Consistent with 
this hypothesis, adults wounded – but not amputated – midway along their primary axis 
and exposed to alsterpaullone for 48 hours developed ectopic oral poles at the site of 
wound healing (Fig. 4.8B).  As noted earlier, under the same alsterpaullone exposure 
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regime, regeneration following complete amputation of the aboral half of the polyp 
yielded tissue of ectopic oral fate, with “heads” that were nearly indistinguishable from 
the original head (Fig. 4.8A).  In contrast to wound healing and regeneration, intact adult 
polyps showed no visible response, even after 8 days of continuous alsterpaullone 
exposure (Fig. 4.8C).  The lack of any morphological response to alsterpaullone 
treatment in homeostatic polyps is quite different from the alsterpaullone phenotype of 
Hydra polyps, which develop numerous ectopic tentacles along their body column after 
exposure to alsterpaullone.  Unlike Hydra (Campbell, 1967; Campbell, 1973; David and 
Gierer, 1974), adult N. vectensis do not contain a growth zone and are, therefore, not in a 
constant state of body patterning (Burton, personal communication).  Because mitotically 
active cells are scattered throughout the body (Passamaneck and Martindale, 2012), and 
they differentiate in situ, they may inherit a fixed axial identity from their clonal 
progenitors , and therefore, they may not be susceptible to axial re-patterning caused by 
ectopic ß-catenin activation.  This hypothesis is plausible, given that cellular 
interpretation and output of Wnt signaling is known to be highly cell-type and context 
dependent.  By contrast, we hypothesize wounding might induce the proliferation of cells 
at the wound site (or migration of cells to the wound site) that are not fixed with respect 
to their axial identity.  
 
4.2.4. Evolution of Wnt signaling across developmental modes 
The molecular mechanisms underlying primary axis patterning during 
embryogenesis are relatively well understood in a handful of model systems (e.g., mice, 
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flies, nematodes). These model systems have very limited regenerative ability. Likewise, 
we are beginning to accumulate a finer understanding of axial patterning mechanisms that 
operate during regeneration from a different set of model systems (e.g., Hydra, 
planarians). However, these model systems are not ideal for studying embryogenesis. 
Thus, to this point, comparisons of the molecular mechanisms underlying axial patterning 
across developmental modes have relied mainly on interspecies comparisons of very 
distantly related animals. Such comparisons are complicated by evolutionary divergence 
in morphology and genome content (e.g., no clear relationship between the primary axis 
of triploblasts and cnidarians has been established). 
Within species comparisons of Wnt signaling across multiple non-embryonic 
developmental modes have occurred in at least three species. During planarian 
regeneration and adult growth, canonical Wnt signaling has been found to promote 
posterior cell fates along the A-P axis (Gurley et al., 2008). In a genus of acoel flatworms 
Convolutriloba (which are thought to be more distantly related to the platyhelminth 
“flatworm” Planaria than are humans or fruitflies), inhibition of Wnt signaling is essential 
in establishing primary axis polarity during regeneration, asexual fission, and adult 
growth (Sikes and Bely, 2010). In Hydra, Wnt signaling promotes oral fates during 
regeneration, budding, and adult growth (Hobmayer et al., 2000; Broun et al., 2005; 
Guder et al., 2006; Lengfeld et al., 2009; Gee et al., 2010). Unfortunately, embryonic 
mechanisms of axial patterning have not been investigated in any of these taxa. 
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4.4 Summary 
The data presented here are the first comparing the role of canonical Wnt 
signaling between regeneration and embryogenesis within a single species. These data 
support a role for canonical Wnt signaling in primary axis patterning across regeneration 
and embryogenesis in the cnidarian common ancestor. Wnt signaling is implicated in 
embryonic patterning of the primary axis in triploblasts (Petersen and Reddien, 2009), as 
well as a variety of non-triploblastic taxa including sponges (Adamska et al., 2007), 
cnidarians (Wikramanayake et al., 2003; Plickert et al., 2006; Lee et al., 2007; Momose et 
al., 2008), and ctenophores (Pang et al., 2010). A role for Wnt-signaling in patterning the 
primary body axis has also been demonstrated for non-embryonic developmental modes 
(Hobmayer et al., 2000; Broun et al., 2005; Duffy et al.). The observed function of 
canonical Wnt pathway across developmental modes and phyla is consistent with the 
hypothesis of an ancestral role in primary axis patterning in the common ancestor of 
Metazoa. 
 
4.5 Methods 
4.5.1 Animal Husbandry 
Anemones were cultured in non-circulating 1/3 strength artificial seawater at room 
temperature with weekly water changes. Adults were fed freshly-hatched brine shrimp, 
and cultured according to (Stefanik et al., 2013a). 
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4.5.2 Phenotypic Response Experiments 
All anemone polyps were approximately 1 cm in length prior to initiation of 
phenotype response assays.  For experiments studying regeneration, whole anemones 
were bisected through the body column transverse to the primary body axis, as described 
in (Stefanik et al., 2013a).  
To test the effects of alsterpaullone treatment on intact adult polyps, individual 
anemones were placed in 1/3 artificial seawater (ASW) containing 5 mM alsterpaullone 
dissolved in Dimethyl Sulfoxide (DMSO). Control samples were incubated in equal 
concentrations of DMSO only. The incubation proceeded for up to 24 days. Solutions 
were changed every 72 hr. Samples were photographed each day with a Zeiss Axiocam 
ICc 1 mounted on a Zeiss Axioskop 40 and Zeiss Discovery.V8 (Zeiss, Thornwood, NY). 
To observe regeneration, each polyp was bisected at the body column/ physa 
boundary along the O-A axis. The oral and aboral fragments were separated and 
randomly assigned to control or experimental treatments. In each experiment, five polyps 
were used for each treatment. Observational experiments were independently performed 
three times, with identical results. 
To observe wound healing, equally sized polyps were partially bisected 
(approximately half-way through the body column) at a point approximately midway 
along the primary axis. Wound healing experiments were performed as above, but 
repeated only once. 
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4.5.3 Embryogenesis 
Embryos were acquired following induction of spawning as detailed in (Stefanik 
et al., 2013a). Embryos were divided into control or experimental treatments and 
observed for 10 days (see Table 1).  Unfertilized eggs and/or dead embryos were 
removed from the culture medium at the time of transition from alsterpaullone exposure 
to normal 1/3 ASW. 
 
4.5.4 qPCR 
Molecular experiments on regenerating adults were performed using the equally 
sized polyps bisected in the same manner as above. Individuals were allowed to 
regenerate for 1–5 days. RNA was isolated from whole individuals (of which only a 
portion consisted of regenerating tissue and pooled together to ensure adequate amounts 
of RNA. This experiment was independently performed three times.  
Total RNA was isolated from three pooled polyps using the standard PureZOL 
(Bio-Rad, Hercules, CA) extraction protocol with the following exceptions. Prior to 
processing, samples were placed in 250 ml of PureZOL for 1 hr at 4°C, then 
homogenized via centrifugation through a BioMasher (Cartagen, San Carlos, CA) 
column. RNA precipitation was performed overnight at 20°C after addition of 250 µl of 
ice-cold isopropanol, 125 µl of 1.2M NaCl, and 125 µl of 0.8M Na citrate, as detailed in 
(Stefanik et al., 2013b). 
Two-step qRT-PCR was performed as follows. One hundred and fifty nanograms 
of total RNA was reverse transcribed using the ImProm-II Reverse Transcription System 
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(Promega, Madison, WI). The resulting cDNA was amplified using iTaq Fast SYBR 
Green Supermix with ROX (Bio-Rad) in a CFX96 Real-Time System (Bio-Rad). 
Individual reactions contained 0.04 pmol of each primer and were performed in triplicate. 
Injury and subsequent regeneration result in variation in overall gene expression, 
requiring normalization to compare samples across time. Standard reference genes (e.g., 
gapdh and actin) proved unreliable, as previously reported (Reitzel and Tarrant, personal 
communication). Results were therefore normalized by comparing the level of target gene 
expression (Nv-ß-catenin, Nv-anthox1) to the level of Nv-hsp70 expression for each 
sample, as previously performed (Reitzel et al., 2010). We also confirmed that Nv-hsp70 
expression was not affected by alsterpaullone treatment (data not shown). Each complete 
experiment was performed in triplicate. Primers: Nv-ß-catenin: forward 
GCCCTGGTTAAGCTGCTTGG, reverse AGCAAGCCGAACAGCCATCT; Nv-Hsp70: 
forward TCGATGATCCTGGGGTAAAG, reverse CCTGCCTCGTTCACTACCTC; 
Nv-anthox1: forward AGGCGTCGTGGAGTTGTTCATA, reverse 
GCCCTGACAAAAACCTCCAAGT. 
For embryonic gene expression analysis, embryos from a single spawning event 
were divided into two groups (5 mM alsterpaullone and DMSO controls) of 
approximately 60 embryos each immediately following fertilization. For each treatment, 
RNA was isolated from half of the embryos at 24 hr and the remaining at 48 hr of 
development. All subsequent steps were performed as described above. 
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Figure 4.1: N. vectensis body plan A.	  Photograph	  of	  a	  mature	  N.	  vectensis	  polyp	  with	  annotations	  regarding	  the	  anatomy	  and	  terminology	  used	  in	  this	  paper.	  B.	  Schematic	  representation	  of	  the	  internal	  anatomy	  in	  a	  longitudinal	  section	  passing	  through	  the	  directive	  axis	  of	  a	  polyp.	  C.	  Diagrammatic	  representation	  of	  the	  internal	  anatomy	  in	  a	  section	  transverse	  to	  the	  oral-­‐aboral	  axis	  at	  the	  polyp’s	  pharynx.	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Figure 4.2: N. vectensis can generate polyps via alternative life history modes Reproduction	  can	  occur	  via	  either	  sexual	  (C),	  or	  asexual	  (A-­‐B)	  life	  history	  trajectories	  that	  converge	  on	  the	  same	  polyp	  phenotype	  (D).	  	  (A)	  Transverse	  fission	  via	  polarity	  reversal.	  (B)	  Transverse	  fission	  via	  “physal	  pinching”.	  (C)	  Embryogenesis.	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Figure 4.3: Hypothesized developmental modularity in the four alternative life history trajectories of N. 
vectensis (A).	  Embryogenesis.	  (B)	  Transverse	  fission	  via	  physal	  pinching.	  (C)	  Transverse	  fission	  via	  polarity	  reversal.	  (D)	  Regeneration	  following	  bisection	  midway	  along	  the	  oral-­‐aboral	  axis.	  	  Symbols	  and	  abbreviations	  are	  listed	  and	  explained	  in	  Table	  1.1.	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Figure 4.4: Regeneration following bisection in N. vectensis  
N.	  vectensis	  polyp	  bisected	  transverse	  to	  the	  oral-­‐aboral	  axis,	  at	  the	  midpoint	  of	  the	  column.	  Post-­‐bisection,	  the	  resulting	  polyp	  fragments	  containing	  the	  original	  head	  (labeled	  “head”)	  and	  foot	  (“foot”)	  regions	  were	  cultured	  separately	  for	  seven	  days.	  	  The	  “missing”	  body	  regions	  amputated	  in	  each	  fragment	  during	  bisection	  were	  functionally	  regenerated	  by	  day	  3	  post-­‐bisection,	  and	  were	  fully	  developed	  by	  day	  7.	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Figure 4.5: Alsterpaullone treatment results in the development of secondary “heads” at the aboral 
pole during regeneration.  
Adult polyps were bisected and the resulting oral halves cultured for 48 hours in 1/3 
artificial seawater containing either 5 mM DMSO or 5 uM alsterpaullone.  After 48 hours, 
the animals were washed with 1/3 strength artificial seawater, and allowed to regenerate 
under standard culture conditions.  At 4 days-post-amputation, the DMSO-treated oral 
halves had successfully regenerated the aboral tissue lost during amputation (A), while 
the alsterpaullone-treated oral halves had fully-developed “heads” at the site of 
regeneration (ectopic mouth identified by asterisk in panel B).   Twenty-four days post-
amputation, ectopic heads (asterisk) are nearly indistinguishable from the original oral 
region (C).  Scale bar = ≈ 0.5 cm.  	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Figure 4.6: Alsterpaullone specifically promotes Nv-beta-catenin expression.  
A: Regenerating polyps exposed to alsterpaullone express Nv-ß-catenin at levels at least 
two-fold higher than DMSO controls after 2 days of regeneration. B: Regenerating 
polyps exposed to alsterpaullone show decreased expression of the aboral marker Nv-
anthox1 after 3–4 days of regeneration. C: Similar to regenerating adults, embryos 
exposed to alsterpaullone also display increased Nv-ß-catenin expression after 2 days of 
development. For all experiments, expression levels are normalized to Nv-hsp70 
expression. Individual bars represent mean expression across three qRTPCR reactions. 
Error bars are one standard error. Results were consistent across three independent 
experiments.  This figure was produced by Pat Burton. 	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Figure 4.7: Alsterpaullone treatment during embryogenesis induces ectopic oral tissue, including 
tentacles. (A-­‐B)	  Embryos	  exposed	  to	  alsterpaullone	  for	  the	  first	  48	  hr	  of	  embryogenesis	  exhibited	  retarded	  tentacle	  outgrowth	  and	  relative	  to	  controls	  (D).	  	  (C)	  The	  majority	  of	  embryos	  (60%,	  Table	  4.1)	  exposed	  to	  alsterpaullone	  for	  one	  day,	  beginning	  24	  hr	  post-­‐fertilization,	  developed	  an	  ectopic	  oral	  pole	  (indicated	  with	  an	  asterisk)	  as	  a	  result	  of	  supernumerary	  primary	  body	  axis	  patterning.	  All	  embryos	  are	  10	  days	  old.	  	  Scale	  bar	  ≈	  1	  mm.	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Figure 4.8: Effects of alsterpaullone during wound healing and in intact polyps.  
A,B: Adult Nematostella exposed to alsterpaullone for 48 hr following injury midway 
along their primary axis develop ectopic oral poles at the site(s) of injury (A, one injury; 
B, two injuries). C: Uninjured adults exposed to alsterpaullone show no morphological 
response. Scale bar = ≈  1 mm.  This figure was produced by Pat Burton 
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Table 4.1: Effects of Alsterpaullone on N. vectensis embryogenesis 	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CHAPTER FIVE 
FROM PROXIMATE TO ULTIMATE CAUSES OF LIFE HISTORY 
EVOLUTION IN CNIDARIANS 	  
5.0 Introduction and acknowledgements 	   This	  chapter	  discusses	  the	  implications	  and	  logical	  future	  extensions	  of	  my	  dissertation	  research.	  	  The	  chapter	  is	  divided	  into	  two	  sections:	  the	  first	  discusses	  how	  the	  research	  described	  in	  the	  preceding	  chapters	  contributes	  to	  our	  understanding	  of	  the	  ecology,	  development,	  and	  molecular	  mechanisms	  of	  multiple	  life	  history	  trajectories	  in	  two	  congeneric	  sea	  anemones.	  	  Taken	  together,	  these	  chapters	  represent	  an	  integrative	  approach	  to	  investigating	  evolutionary-­‐developmental	  questions.	  The	  second	  half	  of	  this	  chapter	  discusses	  ongoing	  and	  future	  research	  that	  extends	  and	  builds	  upon	  the	  data	  and	  concepts	  developed	  in	  this	  dissertation	  research.	  	  The	  ideas	  and	  research	  initiatives	  described	  here	  have	  been	  shaped	  by	  thoughtful	  conversations	  with	  John	  Finnerty,	  Pat	  Burton,	  and	  Adam	  Reitzel.	  	  Over	  the	  last	  several	  years,	  they	  all	  have	  been	  immensely	  helpful	  as	  sounding	  boards	  for	  my	  ideas,	  sources	  of	  knowledge	  where	  my	  own	  was	  lacking,	  and	  reviewers	  for	  a	  number	  of	  funding	  proposals.	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5.1 Developmental modularity as a partial explanation for the generation 
of diversity in cnidarian life histories One	  of	  the	  central	  thrusts	  of	  biological	  inquiry	  concerns	  the	  generation	  and	  maintenance	  of	  biological	  diversity.	  	  This	  is	  as	  true	  today	  as	  it	  was	  in	  Darwin’s	  time.	  	  	  Understanding	  the	  generation	  of	  biological	  diversity	  has	  many	  implications	  for	  our	  world	  in	  this	  era	  of	  anthropogenic	  climate	  change	  and	  the	  ongoing	  6th	  mass	  extinction	  (Barnosky	  et	  al.,	  2011;	  Pimm	  et	  al.,	  2014).	  A	  key	  component	  of	  overall	  biodiversity	  that	  will	  prove	  important	  in	  how	  organisms	  respond	  to	  rapid	  environmental	  change	  is	  the	  variation	  that	  exists	  in	  life	  histories.	  As	  described	  in	  Chapter	  1	  and	  elsewhere	  (Reitzel,	  2011),	  cnidarians	  exhibit	  a	  remarkable	  diversity	  of	  life	  histories.	  	  Furthermore,	  some	  cnidarians	  can	  utilize	  multiple	  different	  life	  histories	  to	  produce	  phenotypically	  similar	  developmental	  end	  points	  (Figures	  1.3	  &	  1.4).	  	  Such	  taxa	  offer	  an	  excellent	  opportunity	  to	  investigate	  the	  mechanisms	  responsible	  for	  generating	  diverse	  life	  histories	  from	  the	  same	  genome,	  and	  for	  identifying	  the	  molecular	  basis	  of	  conserved	  phenotypes	  across	  multiple	  life	  histories	  (e.g.,	  “head”	  development	  in	  embryogenesis,	  transverse	  fission,	  polarity	  reversal,	  and	  regeneration	  in	  the	  starlet	  sea	  anemone,	  N.	  vectensis).	  How	  do	  we	  explain	  the	  evolutionary	  lability	  of	  cnidarian	  life	  histories	  in	  light	  of	  the	  strong	  evolutionary	  conservation	  of	  the	  basic	  polyp	  body	  plan?	  	  We	  have	  argued	  that	  developmental	  modularity	  can	  simultaneously	  account	  for	  strong	  conservation	  at	  one	  level	  and	  facile	  change	  at	  another	  level.	  Specifically,	  we	  hypothesize	  that	  semi-­‐autonomous	  and	  highly	  conserved	  gene	  regulatory	  modules	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underlie	  semi-­‐autonomous	  and	  highly	  conserved	  morphological	  modules	  (e.g.,	  the	  pharynx,	  the	  mouth,	  the	  tentacles,	  the	  foot).	  	  Because	  these	  developmental	  modules	  are	  semi-­‐autonomous,	  they	  can	  be	  deployed	  in	  different	  life-­‐history	  contexts	  and	  different	  temporal	  sequences	  to	  invent	  new	  developmental	  trajectories.	  The	  cohesion	  of	  the	  final	  adult	  body	  plan	  across	  multiple	  developmental	  trajectories	  (e.g.,	  embryogenesis,	  asexual	  fission,	  regeneration,	  or	  even	  parasitism)	  can	  then	  be	  assured	  by	  regulatory	  cross-­‐talk	  between	  developmental	  modules	  (e.g.,	  there	  must	  be	  mechanisms	  to	  coordinate	  the	  location	  of	  the	  mouth	  with	  the	  location	  of	  the	  tentacles	  regardless	  of	  whether	  those	  structures	  are	  developing	  via	  one	  developmental	  trajectory	  or	  another).	  This	  coordination	  between	  modules	  can	  be	  decoupled.	  For	  example,	  the	  Edwardsiella	  parasite	  can	  develop	  a	  mouth	  and	  pharynx	  without	  developing	  tentacles,	  and,	  under	  alsterpaullone	  treatment,	  the	  Hydra	  polyp	  can	  sprout	  tentacles	  from	  its	  body	  column	  at	  a	  great	  distance	  from	  the	  mouth.	  	  	  	  
5.1.1 Proximate mechanisms of life history diversification: idenfitying 
modular architecture of gene expression from transcriptomic data How	  do	  we	  test	  the	  hypothesis	  that	  homologous	  anatomical	  modules	  involve	  homologous	  gene	  networks	  regardless	  of	  the	  context	  in	  which	  they	  are	  deployed;	  and	  conversely,	  alternate	  developmental	  trajectories,	  both	  within	  and	  between	  species,	  are	  the	  result	  of	  re-­‐deploying	  existing	  gene	  networks	  in	  different	  spatiotemporal	  and	  life	  history	  contexts?	  One	  way	  to	  address	  this	  question	  is	  to	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compare	  the	  repertoire	  of	  expressed	  transcripts	  –	  the	  transcriptome	  –	  during	  the	  development	  of	  the	  same	  morphological	  module	  in	  different	  species,	  or	  in	  different	  life	  history	  contexts	  within	  one	  species.	  	  If	  life	  history	  diversity	  is	  generated	  primarily	  through	  the	  re-­‐arrangement	  of	  existing	  developmental	  modules/gene	  networks,	  then	  the	  complement	  of	  mRNA	  transcripts	  expressed	  by	  the	  genome	  should	  be	  broadly	  similar	  whenever	  a	  given	  morphological	  module	  is	  generated,	  whether	  it	  is	  generated	  during	  the	  same	  developmental	  trajectory	  across	  species,	  or	  different	  developmental	  trajectories	  within	  a	  species.	  	  In	  the	  hopes	  of	  identifying	  genes	  whose	  expression	  is	  specifically	  associated	  with	  particular	  anatomical	  modules,	  we	  have	  initiated	  a	  series	  of	  comparative	  transcriptomic	  studies	  on	  N.	  vectensis	  and	  E.	  lineata.	  These	  studies	  are	  enabled	  by	  the	  production	  of	  new	  reference	  transcriptomes	  for	  both	  species.	  As	  discussed	  in	  Chapter	  2,	  the	  transcriptome-­‐wide	  gene	  content	  was	  compared	  for	  the	  two	  sea	  anemones,	  and	  found	  to	  be	  very	  similar.	  	  This	  suggests	  (1)	  that	  the	  assembled	  transcriptomes	  for	  both	  species	  are	  reasonably	  complete,	  and	  (2)	  the	  repertoire	  of	  transcripts	  in	  the	  parasitic	  E.	  lineata	  resembles	  that	  found	  in	  the	  free-­‐living	  N.	  
vectensis.	  	  In	  other	  words,	  the	  novel	  parasitic	  life	  history	  of	  E.	  lineata	  does	  not	  appear	  to	  be	  associated	  with	  substantial	  gene	  losses	  (as	  documented	  in	  some	  other	  parasites	  (Tsai	  et	  al.,	  2013)),	  or	  the	  invention	  of	  many	  new	  genes.	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5.1.2 Preliminary results from comparative transcriptomics We	  have	  already	  sequenced	  cDNA	  libraries	  from	  five	  developmental	  stages	  in	  
E.	  lineata’s	  life	  cycle	  and	  five	  different	  time	  points	  in	  the	  regeneration	  of	  the	  “head”	  in	  N.	  vectensis	  polyps	  (Chapter	  3).	  Our	  experimental	  design	  is	  as	  follows.	  From	  E.	  
lineata,	  I	  isolated	  total	  RNA	  from	  whole	  individuals	  sampled	  at	  the	  following	  five	  stages:	  (1)	  adult	  polyp;	  (2)	  secondary	  planula;	  (3)	  mature	  parasite;	  (4)	  transition	  from	  secondary	  planula	  to	  polyp	  and	  (5)	  transition	  from	  parasite	  to	  secondary	  polyp.	  I	  also	  isolated	  and	  sequenced	  RNA	  from	  specific	  regions	  along	  the	  body	  column	  of	  mature	  E.	  lineata	  parasites,	  representing	  “Head”,	  “Column”,	  and	  “Foot”	  tissue	  identity	  from	  pooled	  specimens.	  Many	  life	  stages	  and	  developmental	  phenotypes	  for	  this	  project	  are	  only	  represented	  by	  single	  sequenced	  libraries	  at	  the	  moment	  (for	  some,	  however,	  we	  have	  prepared	  and	  sequenced	  three	  different	  libraries).	  The	  aim	  is	  to	  prepare	  and	  sequence	  three	  libraries	  for	  every	  developmental	  stage,	  so	  that	  we	  can	  account	  for	  variance	  in	  expression	  within	  stages,	  which	  will	  allow	  us	  to	  more	  reliably	  identify	  expression	  differences	  between	  stages.	  Towards	  this	  objective,	  we	  	  have	  recently	  signed	  a	  contract	  with	  the	  Beijing	  Genome	  Institute	  to	  construct	  and	  sequence	  cDNA	  libraries	  from	  RNA	  samples	  that	  I	  have	  already	  purified,	  and	  which	  will	  provide	  replicate	  datasets	  for	  each	  developmental	  stage.	  	  We	  are	  in	  the	  process	  of	  analyzing	  differential	  gene	  expression	  patterns	  between	  these	  life	  stages	  using	  a	  Bayesian	  statistical	  approach	  (EBSeq,	  (Leng	  et	  al.,	  2013)).	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Once	  we	  have	  characterized	  gene	  expression,	  what	  will	  that	  tell	  us	  about	  the	  relationship	  to	  gene	  expression	  and	  phenotype?	  	  We	  will	  have	  a	  sense	  of	  which	  mRNA	  transcripts	  are	  expressed	  differently	  between	  the	  five	  developmental	  stages,	  and	  from	  this	  may	  be	  able	  to	  infer	  functional	  roles	  for	  some	  genes.	  	  Can	  this	  information	  be	  used	  to	  further	  interrogate	  any	  modular	  architecture	  of	  the	  differential	  gene	  expression?	  	  The	  next	  step	  will	  be	  to	  infer	  networks	  of	  co-­‐expressed	  genes.	  	  Briefly,	  groups	  of	  co-­‐varying	  genes	  will	  be	  identified	  using	  mutual	  information	  as	  a	  score	  of	  expression	  similarity	  to	  infer	  a	  co-­‐expression	  network.	  	  We	  will	  calculate	  entropy,	  a	  measure	  of	  uncertainty,	  for	  each	  gene	  using	  the	  naïve	  estimator	  in	  the	  R	  bioconductor	  package	  minet	  (Gentleman	  et	  al.,	  2004;	  Meyer	  et	  al.,	  2008).	  	  To	  focus	  on	  strongly	  co-­‐varying	  genes,	  those	  with	  low	  entropy	  values	  (less	  than	  one)	  will	  be	  discarded	  from	  further	  analysis.	  Mutual	  information	  will	  be	  calculated	  for	  each	  gene	  pair	  among	  the	  remaining	  genes	  to	  identify	  pairs	  of	  genes	  where	  knowledge	  of	  expression	  rank	  for	  one	  gene	  decreases	  uncertainty	  about	  expression	  rank	  for	  a	  second	  gene.	  	  These	  similarity	  scores	  for	  gene	  pairs	  are	  then	  converted	  into	  a	  graph	  using	  the	  mutual	  k-­‐nearest	  neighbor	  method.	  	  This	  method,	  which	  classifies	  a	  pair	  of	  genes	  as	  “connected”	  on	  the	  graph	  if	  the	  estimated	  mutual	  information	  between	  the	  pair	  is	  within	  the	  top	  k	  mutual	  information	  values	  for	  both	  genes,	  will	  be	  implemented	  with	  a	  k	  of	  three.	  	  The	  resulting	  gene	  co-­‐expression	  networks	  consist	  of	  nodes	  (representing	  genes)	  connected	  to	  one	  another	  by	  lines	  (“edges”,	  that	  represent	  similarity	  of	  expression,	  e.g.,	  the	  similarity	  scores	  between	  the	  two	  genes).	  	  We	  can	  further	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identify	  modular	  architecture	  from	  these	  co-­‐expression	  networks.	  	  Modules	  would	  consist	  of	  nodes	  (genes)	  that	  are	  highly	  interconnected	  to	  one	  another,	  but	  which	  share	  few	  edges	  with	  nodes	  outside	  the	  subset	  of	  nodes	  in	  the	  putative	  module.	  	  Identifying	  such	  modularity	  within	  co-­‐expression	  networks	  can	  be	  used	  to	  infer	  regulatory	  architecture:	  by	  definition,	  genes	  within	  modular	  subsets	  will	  share	  the	  same	  expression	  profile,	  which	  suggests	  that	  they	  could	  be	  regulated	  by	  the	  same	  transcription	  factors.	  	  Co-­‐expression	  of	  genes	  identified	  in	  the	  module	  could	  then	  be	  characterized	  by	  in	  situ	  hybridization	  to	  validate	  spatio-­‐temporal	  co-­‐expression.	  Looking	  to	  the	  future,	  it	  will	  soon	  be	  possible	  to	  sequence	  the	  transcriptome	  of	  every	  cell	  in	  a	  whole	  mount	  specimen,	  and	  visualize	  spatial	  gene	  expression	  with	  fluorescent	  in	  situ	  hybridization	  (FISH)	  (see	  (Lee	  et	  al.,	  2014)	  for	  proof-­‐of-­‐principle).	  	  This	  would	  obviate	  the	  current	  limitations	  on	  FISH-­‐based	  methods	  imposed	  by	  overlapping	  fluorophore	  emission	  spectra.	  	  Because	  the	  FISSEQ	  method	  works	  without	  PCR	  amplification	  of	  cDNA	  libraries,	  it	  also	  appears	  to	  be	  a	  promising	  high-­‐throughput	  method	  to	  characterize	  transcriptome-­‐wide	  gene	  expression,	  without	  introducing	  technical	  biases	  such	  as	  those	  introduced	  at	  various	  steps	  in	  most	  current	  iterations	  of	  sample	  preparation	  for	  RNAseq.	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5.2 Establishing phenotypes, ontogenies, and ecological context for 
comparative research into the generation of diversity in cnidarian life 
histories Understanding	  the	  evolution	  of	  developmental	  programs	  requires	  that	  we	  identify	  both	  the	  molecular	  mechanisms	  that	  underlie	  evolutionary	  change	  as	  well	  as	  the	  ecological	  forces	  that	  select	  among	  alternate	  ontogenies	  (Mckinney,	  1986;	  Brooks,	  2003).	  For	  this	  reason,	  integrating	  developmental	  and	  evolutionary	  studies	  with	  ecology	  is	  an	  aim	  of	  contemporary	  biology	  (Gilbert,	  2001;	  Sultan,	  2003;	  Scott	  F.	  Gilbert,	  2008;	  Gilbert,	  2012).	  	  Such	  studies	  can	  be	  hampered	  by	  gaps	  in	  the	  knowledge	  of	  the	  life	  history	  and	  phenotypes	  produced	  during	  an	  organisms’	  ontogeny.	  	  Therefore,	  it	  is	  incumbent	  upon	  us	  to	  establish	  and	  characterize	  the	  basic	  life	  history	  and	  developmental	  features	  in	  our	  focal	  taxa.	  	  This	  is	  particularly	  true	  for	  those	  seeking	  to	  utilize	  a	  comparative	  context	  for	  their	  research;	  to	  compare	  and	  contrast	  developmental	  phenotypes	  across	  different	  taxa,	  and	  to	  probe	  the	  influence	  of	  ecology	  on	  similar	  and/or	  divergent	  life	  histories.	  	  A	  prime	  example	  of	  the	  necessity	  for	  establishing	  basic	  ecological	  and	  life	  history	  data	  is	  the	  current	  inability	  to	  compare	  embryogenesis	  and	  primary	  planula	  development	  between	  the	  two	  congeneric	  sea	  anemones,	  N.	  vectensis	  and	  E.	  lineata.	  	  This	  represents	  the	  most	  likely	  ontogenic	  homology	  between	  the	  planula	  of	  these	  two	  sea	  anemones;	  as	  the	  post-­‐parasitic	  planula	  of	  E.	  lineata	  –	  which	  is	  a	  derived	  type	  of	  planula	  within	  the	  family	  –	  may	  not	  be	  as	  similar	  to	  the	  planula	  of	  N.	  vectensis	  as	  the	  primary	  planula	  of	  
E.	  lineata.	  	  	  Thus,	  rather	  than	  comparing	  likely	  homologous	  planula	  states	  that	  may	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both	  represent	  the	  ancestral	  embryogenesis	  developmental	  program,	  at	  the	  moment,	  we	  can	  only	  compare	  the	  derived	  E.	  lineata	  post-­‐parasitic	  planula	  to	  that	  of	  
N.	  vectensis.	  	  Furthermore,	  prior	  to	  this	  dissertation,	  there	  had	  been	  no	  published	  study	  of	  E.	  lineata	  polyps	  in	  their	  natural	  habitat.	  	  Enhanced	  understanding	  of	  the	  ecology	  and	  ontogenetic	  stages	  of	  E.	  lineata’s	  life	  cycle	  may	  therefore	  contribute	  to	  a	  better	  understanding	  of	  the	  choreography	  of	  developmental	  events	  carried	  out	  during	  the	  life	  history	  trajectories	  that	  this	  taxon	  is	  competent	  to	  express,	  and	  how	  they	  evolved	  from	  an	  ancestral	  repertoire	  that	  likely	  included	  a	  free-­‐living,	  non-­‐parasitic	  larval	  stage.	  
	  
5.2.1 Characterization of the ecology, developmental modularity, and life 
history repertoire of the lined sea anemone, Edwardsiella lineata. Though	  the	  parasitic	  life	  history	  and	  larval	  development	  of	  E.	  lineata	  have	  been	  known	  for	  over	  a	  century	  (Mark,	  1884),	  and	  details	  of	  these	  life	  history	  events,	  along	  with	  new	  descriptions	  of	  asexual	  reproduction,	  have	  been	  the	  subject	  of	  several	  papers	  (Crowell,	  1976;	  Crowell	  and	  Oates,	  1980;	  Daly,	  2002b;	  Reitzel	  et	  al.,	  2007a;	  Reitzel	  et	  al.,	  2009b),	  there	  were	  still	  aspects	  of	  this	  organism’s	  life	  history	  that	  remained	  to	  be	  characterized	  at	  the	  start	  of	  this	  project;	  and	  at	  the	  conclusion	  of	  my	  doctoral	  studies,	  many	  more	  await	  further	  characterization.	  	  	  Chapter	  Two	  is	  based	  on	  the	  manuscript	  entitled	  “Comparison	  of	  alternative	  life	  history	  trajectories	  in	  the	  parasitic	  sea	  anemone,	  Edwardsiella	  lineata”,	  that	  is	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currently	  in	  preparation	  for	  submission	  to	  Invertebrate	  Biology.	  	  In	  2013,	  we	  photographed	  and	  documented	  several	  colonies	  of	  mature	  E.	  lineata	  polyps	  in	  Great	  Harbor,	  Woods	  Hole,	  MA.	  	  The	  polyps	  were	  aggregated	  in	  locally	  dense	  assemblages,	  which	  is	  consistent	  with	  reports	  from	  personal	  communication	  (E.	  Enos)	  about	  the	  population	  density	  of	  these	  anemones.	  	  Because	  sea	  anemones	  are	  known	  to	  control	  locally	  available	  hard	  substrate	  in	  rocky	  shore	  ecosystems	  via	  asexual	  reproduction	  
(Francis, 1988),	  and	  the	  pelagic	  ctenophore	  host	  of	  E.	  lineata	  larvae	  has	  been	  widely	  introduced	  in	  European	  waters	  outside	  its	  native	  range,	  there	  exists	  a	  possibility	  that	  adult	  E.	  lineata	  polyps	  could	  pose	  a	  burden	  on	  fouling	  communities	  in	  areas	  where	  it	  may	  become	  introduced	  as	  an	  exotic	  species.	  	  	  Other	  contributions	  to	  the	  body	  of	  knowledge	  about	  the	  ecology	  of	  E.	  lineata	  in	  this	  chapter	  include	  the	  synthesis	  of	  historical	  population	  data	  dating	  back	  to	  1964,	  with	  my	  own	  data	  from	  field	  collections	  each	  year	  a	  four-­‐year	  period,	  2010-­‐2013,	  to	  characterize	  the	  seasonal	  frequency	  of	  E.	  lineata	  infection	  within	  M.	  leidyi	  over	  half	  a	  century.	  	  	  This	  work	  also	  contributed	  new	  information	  about	  the	  life	  history	  and	  infection	  dynamics	  of	  E.	  lineata.	  	  	  We	  characterized	  a	  population	  of	  parasites	  that	  were	  morphologically	  distinct	  from	  any	  previously	  reported,	  and	  which	  we	  interpret	  to	  be	  among	  the	  initial	  stages	  of	  infection.	  	  	  The	  duration	  of	  parasitic	  infection	  among	  host	  ctenophores	  was	  also	  assessed.	  	  Such	  data,	  together	  with	  evidence	  presented	  herein	  on	  the	  apparent	  ability	  of	  parasitic	  E.	  lineata	  to	  colonize	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host	  M.	  leidyi	  at	  successive	  temporal	  points,	  would	  be	  valuable	  towards	  formulating	  and	  testing	  models	  of	  larval	  dispersal	  capacity	  for	  the	  parasitic	  E.	  lineata	  larvae.	  	  
5.3 When and how did a novel, parasitic life history evolve in the 
Edwardsiidae family of sea anemones 
5.3.1 Ultimate mechanisms of life history diversification: comparative 
genomics of the Edwardsiidae Identifying	  developmental/gene	  expression	  modules	  would	  bring	  us	  closer	  to	  understanding	  the	  proximate	  relationship	  between	  gene	  expression	  and	  developmental	  phenotype.	  	  But	  what	  are	  the	  ultimate	  mechanisms	  driving	  this	  relationship?	  	  What	  mechanisms	  could	  control	  spatio-­‐temporal	  “deployment”	  of	  developmental	  modules?	  	  And	  how	  do	  they	  differ	  between	  taxa	  with	  divergent	  life	  history	  repertoires.	  	  The	  present	  study	  lays	  a	  foundation	  for	  exploring	  the	  basis	  of	  modularity	  of	  gene	  expression	  and	  how	  that	  shapes	  phenotype.	  	  But	  it	  is	  limited	  to	  detecting	  only	  a	  subset	  of	  the	  genetic	  logic	  behind	  this	  relationship.	  	  As	  implemented	  presently	  in	  these	  projects,	  transcriptome	  sequencing	  had	  been	  performed	  on	  cDNA	  libraries,	  which	  captures	  mRNA	  transcripts.	  	  Other	  mechanisms	  of	  manipulating	  gene	  expression	  that	  could	  be	  explored	  include	  epigenetic	  modifications,	  small	  RNAs,	  long	  non-­‐coding	  RNAs,	  and	  finally,	  regulatory	  sequences	  at	  the	  genome	  level.	  We	  are	  currently	  undertaking	  a	  genome	  sequencing	  project	  for	  E.	  lineata.	  	  With	  a	  draft	  genome	  sequence	  in	  hand,	  conserved	  regulatory	  elements	  could	  be	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identified	  between	  N.	  vectensis	  and	  E.	  lineata	  that	  would	  be	  helpful	  towards	  understanding	  the	  regulation	  of	  gene	  expression	  in	  both	  species.	  	  Furthermore,	  because	  transcriptome	  content	  appears	  to	  be	  broadly	  conserved	  between	  these	  two	  sea	  anemones	  (Chapter	  Three),	  it	  is	  likely	  that	  differences	  in	  gene	  expression	  underlying	  alternative	  life	  histories	  or	  novel	  phenotypes	  (e.g.,	  E.	  lineata	  parasites)	  may	  be	  governed	  by	  changes	  in	  the	  regulatory	  architecture	  that	  has	  occurred	  since	  these	  two	  sea	  anemones	  last	  shared	  a	  common	  ancestor	  over	  200	  million	  years	  ago	  (Chapter	  Three).	  	  	  The	  finding	  that	  these	  anemones	  last	  shared	  a	  common	  ancestor	  in	  the	  Devonian	  Period	  is	  somewhat	  surprising,	  given	  that	  E.	  lineata’s	  novel	  parasitic	  life	  history	  has	  traditionally	  been	  speculated	  to	  be	  a	  “recently-­‐evolved”	  divergence	  from	  the	  ancestral,	  free-­‐living	  life	  history	  characteristic	  for	  this	  family	  of	  sea	  anemones	  (Reitzel	  et	  al.,	  2006;	  Reitzel	  et	  al.,	  2007a;	  Reitzel	  et	  al.,	  2009b).	  At	  the	  moment,	  we	  can	  only	  infer	  from	  the	  data	  a	  range	  of	  time	  during	  which	  the	  two	  anemones	  likely	  last	  shared	  a	  common	  evolutionary	  ancestor.	  	  It	  does	  not	  mean,	  however,	  that	  the	  novel	  parasitic	  life	  history	  in	  E.	  lineata	  evolved	  hundreds	  of	  millions	  of	  years	  ago.	  	  Rather,	  we	  can	  say	  that	  at	  some	  point	  since	  their	  last	  common	  ancestor,	  both	  anemones	  have	  evolved	  derived	  life	  history	  traits:	  parasitism	  in	  E.	  lineata,	  and	  euryhaline	  tolerance/estuarine	  habitation	  in	  N.	  vectensis.	  	  To	  further	  narrow	  down	  the	  timing	  of	  these	  evolutionary	  innovations	  in	  life	  history,	  we	  will	  need	  comparative	  data	  from	  other	  edwardsiid	  anemones,	  such	  as	  Edwardsia	  elegans;	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Nematostella	  polaris,	  Drillactis	  pallida,	  Edwardsiella	  carnea,	  and	  Edwardsiella	  
andrillanae.	  	  
5.4 Towards a functional view of modularity in cnidarian life histories 	  
5.4.1 Canonical Wnt signaling is sufficient for oral tissue fate during 
regeneration and embryogenesis in the sea anemone, N. vectensis  	   We	  have	  shown	  that	  canonical	  Wnt	  signaling	  is	  sufficient	  to	  establish	  oral	  tissue	  fate	  during	  the	  alternative	  life	  history	  trajectories	  of	  embryogenesis	  and	  regeneration	  (Chapter	  Four).	  	  This	  establishes	  a	  rudimentary,	  conserved	  gene	  regulatory	  architecture	  for	  oral	  tissue	  fate	  and	  axial	  patterning	  that	  is	  utilized	  in	  distinct	  developmental	  contexts	  within	  the	  life	  history	  repertoire	  of	  N.	  vectensis.	  	  	  In	  Chapter	  One,	  we	  hypothesized	  the	  modular	  gene	  regulatory	  architecture	  may	  have	  facilitated	  the	  diversification	  and	  maintenance	  of	  cnidarian	  life	  history	  trajectories.	  	  Because	  Canonical	  Wnt	  signaling	  appears	  to	  be	  a	  conserved	  component	  of	  the	  developmental	  patterning	  program	  for	  the	  primary	  axis	  and	  oral	  tissue	  of	  N.	  
vectensis,	  in	  embryogenesis	  and	  regeneration,	  as	  well	  as	  across	  diverse	  cnidarian	  clades,	  such	  as	  anthozoa	  and	  hydrozoa,	  it	  is	  tempting	  to	  speculate	  that	  this	  patterning	  mechanism	  may	  modulate	  development	  of	  oral	  tissue	  fate	  in	  diverse	  cnidarian	  life	  history	  ontogenies.	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5.4.2 Future directions towards a systems view of regeneration in N. 
vectensis We	  have	  developed	  a	  functional	  model	  for	  oral	  tissue	  fate	  specification	  via	  conserved	  signaling	  pathways	  in	  distinct	  developmental	  contexts.	  	  This	  is	  consistent	  with	  the	  prediction	  that	  homologous	  phenotypic	  modules	  would	  be	  manifest	  from	  homologous	  gene	  expression	  modules.	  	  	  To	  date,	  only	  a	  handful	  of	  genes	  in	  these	  putative	  gene	  regulatory	  modules	  have	  been	  characterized	  for	  regeneration	  in	  N.	  
vectensis.	  	  There	  have	  been	  several	  recent	  reports	  on	  the	  transcriptome-­‐level	  gene	  expression	  patterns	  during	  embryogenesis	  (Rottinger	  et	  al.,	  2012;	  Fischer	  et	  al.,	  2013;	  Helm	  et	  al.,	  2013);	  however	  a	  systems-­‐level	  analysis	  of	  gene	  expression	  has	  so	  far	  been	  lacking	  for	  regeneration.	  	  To	  provide	  a	  systems-­‐level	  characterization	  of	  the	  gene	  expression	  landscape	  during	  regeneration,	  we	  have	  sequenced	  cDNA	  libraries	  from	  tissue	  regenerating	  oral	  structures	  for	  the	  first	  48	  hours	  of	  regeneration	  under	  normal	  laboratory	  conditions.	  	  Performing	  Differential	  Expression	  analysis	  on	  these	  data,	  coupled	  with	  co-­‐expression	  analyses,	  would	  enable	  the	  identification	  of	  the	  modular	  architecture	  of	  gene	  expression	  from	  the	  transition	  from	  wound	  healing	  to	  regeneration.	  	  Comparison	  of	  these	  data	  with	  functional	  studies	  of	  Wnt-­‐perturbed	  tissue	  will	  enable	  identification	  of	  developmental	  modules	  and	  transcriptional	  logic	  behind	  axial	  patterning	  in	  regeneration	  that	  can	  be	  compared	  to	  developmental	  contexts	  from	  alternative	  life	  history	  trajectories	  (e.g.,	  embryogenesis,	  transverse	  fission,	  polarity	  reversal).	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5.5 Future actions to enhance our understanding of the life history and 
developmental phenotypes of E. lineata and N. vectensis 
5.5.1 Life history traits in N. vectensis that await further characterization Despite	  nearly	  a	  decade	  as	  the	  poster	  anemone	  for	  cnidarian	  developmental	  biology	  and	  genomics,	  there	  are	  still	  aspects	  of	  Nematostella’s	  life	  history	  and	  developmental	  phenotypes	  that	  are	  in	  need	  of	  characterization.	  	  One	  example	  is	  the	  pattern	  of	  tentacle	  eruption	  during	  morphogenesis	  of	  the	  mouth	  during	  alternative	  life	  history	  trajectories.	  	  Preliminary	  studies	  (Stefanik,	  unpublished	  observations,	  Figure	  5.2)	  suggest	  that	  10-­‐12	  tentacles	  erupt	  nearly	  simultaneously	  during	  regeneration	  of	  oral	  tissue	  following	  transverse	  fission	  and	  regeneration.	  	  The	  primary	  polyp	  of	  Nematostella,	  however,	  emerges	  from	  metamorphosis	  of	  the	  planula	  with	  only	  four	  tentacles.	  	  There	  have	  not	  been,	  to	  my	  knowledge,	  any	  studies	  characterizing	  the	  pattern	  of	  tentacle	  eruption	  beyond	  the	  four-­‐tentacle	  stage	  in	  juvenile	  N.	  vectensis	  polyps.	  	  As	  the	  four-­‐tentacle	  stage	  appears	  to	  be	  a	  derived	  condition	  within	  the	  Edwardsiidae,	  it	  would	  therefore	  be	  of	  interest	  to	  characterize	  progression	  of	  tentacle	  development	  from	  this	  point	  until	  the	  full	  complement	  of	  tentacles	  has	  been	  achieved	  in	  the	  adult	  polyp.	  	  	  It	  would	  be	  interesting	  to	  see	  whether	  N.	  vectensis	  displays	  the	  bilateral	  arrangement	  of	  tentacle	  eruption	  that	  we	  have	  characterized	  for	  E.	  lineata	  following	  metamorphosis	  from	  a	  planula	  (Figure	  2.8,	  2.10).	  	  Furthermore,	  preliminary	  observations	  (Stefanik,	  unpublished)	  suggest	  that	  N.	  vectensis	  may	  form	  new	  tentacles	  through	  the	  longitudinal	  splitting	  of	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existing	  tentacles.	  	  “Fused”	  tentacles	  were	  reported	  by	  Stephenson	  (Stephenson,	  1935),	  but	  he	  omitted	  these	  from	  his	  drawings,	  as	  he	  presumed	  them	  to	  be	  developmental	  anomalies.	  	  Recurrent	  observations	  of	  bifurcated	  tentacles	  by	  members	  of	  the	  Finnerty	  lab	  suggest	  that	  it	  may	  be	  more	  than	  an	  aberrant	  tentacle	  phenotype.	  	  If	  tentacle	  morphogenesis	  via	  bifurcation	  of	  the	  distal	  end	  is	  indeed	  a	  mechanism	  through	  which	  tentacles	  are	  added	  to	  the	  oral	  crown	  of	  N.	  vectensis,	  this	  would,	  to	  my	  knowledge,	  be	  unique	  among	  sea	  anemones.	  	  
5.5.2 Embryogenesis and the primary planula stages of E. lineata  Even	  though	  E.	  lineata	  has	  not	  experienced	  the	  degree	  of	  attention	  that	  N.	  
vectensis	  has	  received	  during	  its	  relatively	  brief	  time	  as	  a	  model	  system,	  the	  life	  cycle	  and	  developmental	  pattern	  of	  this	  sea	  anemone	  have	  been	  described	  by	  various	  authors	  over	  the	  past	  130	  years	  (Verrill,	  1873;	  Mark,	  1884;	  Crowell,	  1976;	  Crowell	  and	  Oates,	  1980;	  Daly,	  2002b;	  Reitzel	  et	  al.,	  2007a;	  Reitzel	  et	  al.,	  2009b).	  	  There	  still	  remain	  key	  gaps	  in	  our	  understanding	  of	  E.	  lineata’s	  life	  history.	  	  Most	  notably,	  there	  has	  been	  no	  description	  of	  spawning	  or	  embryogenesis	  of	  the	  primary	  planula	  larva.	  	  Our	  only	  observations	  come	  from	  parasitic	  larvae	  collected	  from	  ctenophores	  and	  reared	  through	  metamorphosis	  into	  polyps.	  	  Chapter	  2	  contains	  the	  first	  peer-­‐reviewed	  description	  of	  polyps	  in	  their	  native	  environment,	  and	  offers	  clues	  to	  potential	  spawning	  induction	  based	  on	  temperature.	  	  Being	  able	  to	  induce	  gametogenesis	  in	  E.	  lineata	  would	  be	  a	  significant	  breakthrough	  towards	  the	  utility	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of	  this	  anemone	  for	  laboratory	  investigation.	  	  Reliable	  induction	  of	  spawning,	  coupled	  with	  year-­‐round	  culture	  of	  host	  ctenophores	  would	  make	  this	  system	  far	  more	  tractable	  for	  study	  than	  it	  currently	  is,	  because	  present	  studies	  require	  the	  field	  collection	  of	  parasitic	  larvae	  from	  wild-­‐caught	  ctenophores.	  	  It	  would	  also	  enable	  comparative	  studies	  of	  early	  developmental	  events,	  such	  as	  gastrulation,	  between	  N.	  vectensis	  and	  E.	  lineata	  that	  are	  not	  currently	  possible.	  	  Additionally,	  the	  availability	  of	  planula	  larvae	  would	  enable	  investigation	  into	  whether	  E.	  lineata	  larvae	  are	  obligate	  or	  facultative	  parasites.	  	  
5.5.3 The primary infection of M. leidyi with E. lineata planula Once	  gametogenesis	  can	  be	  induced	  –	  or	  at	  least	  observed	  –	  for	  E.	  lineata,	  this	  opens	  the	  possibility	  of	  characterizing	  the	  initial	  stages	  of	  infection	  by	  which	  the	  planula	  larvae	  enter	  future	  host	  ctenophores	  and	  initiate	  their	  life	  history	  as	  endoparasites	  feeding	  off	  the	  host	  gut	  contents.	  	  Chapter	  2	  describes	  a	  population	  of	  phenotypically	  distinct	  parasitic	  larvae	  that	  we	  interpret	  to	  be	  recent	  colonists	  of	  the	  ctenophore	  from	  free-­‐swimming	  planula.	  	  It	  would	  be	  of	  great	  interest	  to	  link	  the	  free-­‐swimming	  embryo	  to	  this	  parasitic	  phenotype,	  as	  this	  currently	  is	  the	  earliest	  time	  point	  for	  which	  embryo-­‐like	  characteristics	  have	  been	  reported.	  	  Characterizing	  the	  route	  of	  infection	  and	  the	  larval	  phenotype	  may	  also	  aid	  in	  identifying	  any	  pre-­‐adaptations	  this	  larva	  may	  have	  that	  facilitated	  its	  transition	  into	  a	  parasitic	  life	  history	  from	  a	  free-­‐living	  planula.	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5.6 Testing hypotheses about the evolution of atentaculate polyp bauplans: 
a comparative approach to identifying the role and architecture of gene 
expression modules in generating cnidarian bauplans The	  modularity	  paradigm	  discussed	  in	  Chapter	  One	  is	  flexible,	  and	  can	  be	  applied	  to	  many	  life	  history	  contexts.	  	  In	  comparing	  the	  bauplan	  of	  two	  parasitic	  cnidarians,	  E.	  lineata	  and	  Hydrichthys	  spp.,	  the	  modular	  architecture	  proposed	  in	  Chapter	  One	  can	  be	  utilized	  to	  identify	  apparent	  loss	  of	  the	  tentacle	  module	  in	  two	  independently-­‐evolved	  modes	  of	  parasitism	  in	  an	  anthozoan	  and	  a	  hydrozoan,	  compared	  to	  free-­‐living	  forms	  in	  each	  lineage	  (Figure	  1.8).	  	  Using	  the	  concepts,	  data,	  and	  resources	  developed	  through	  this	  dissertation	  research,	  one	  could	  employ	  a	  comparative	  approach	  to	  investigate	  whether	  the	  phenotypic	  loss	  of	  tentacles	  in	  the	  parasitic	  forms	  is	  governed	  by	  similar	  molecular	  mechanisms.	  	  	  By	  comparing	  oral	  tissue	  development	  between	  N.	  vectensis	  and	  E.	  lineata,	  modules	  involved	  in	  tentacle	  placement	  and	  evagination	  can	  be	  defined.	  	  Subsequently,	  a	  similar	  approach	  could	  be	  employed	  for	  Hydrichthys	  spp.,	  which	  could	  be	  compared	  to	  free-­‐living	  hydrozoan	  taxa.	  	  Taken	  together,	  this	  approach	  may	  enable	  identification	  of	  gene	  expression	  modules	  that	  are	  involved	  in	  tentacle	  evagination.	  	  One	  hypothesis,	  based	  on	  data	  from	  Chapter	  Four,	  and	  previous	  work	  on	  Hydra	  (Philipp	  et	  al.,	  2009),	  is	  that	  cross-­‐talk	  between	  canonical	  Wnt	  signaling	  and	  Wnt/PCP	  signaling	  provides	  the	  positional	  cues	  for	  tentacle	  placement	  and	  evagination.	  	  The	  role	  for	  Wnt	  PCP	  signaling	  in	  tentacle	  morphogenesis	  in	  anthozoans	  could	  best	  tested	  with	  functional	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inhibition	  of	  Wnt/PCP	  signaling	  output	  during	  regeneration	  in	  N.	  vectensis.	  	  Abrogation	  or	  delay	  of	  tentacle	  development	  could	  be	  interpreted	  to	  support	  the	  role	  of	  Wnt/PCP	  as	  a	  key	  node	  in	  the	  tentacle	  development	  module.	  	  An	  additional	  line	  of	  evidence	  consistent	  with	  such	  a	  hypothesis	  could	  be	  derived	  from	  comparative	  transcriptomic	  or	  in	  situ	  candidate	  gene	  expression	  studies	  in	  E.	  lineata	  and	  Hydrichthys	  parasites:	  	  a	  reduction	  in	  Wnt	  gene	  expression	  and/or	  expression	  of	  members	  or	  targets	  of	  the	  Wnt/PCP	  pathway	  would	  be	  consistent	  with	  hypothesized	  crosstalk	  between	  these	  pathways	  coordinating	  the	  placement	  and	  evagination	  of	  tentacles,	  which,	  in	  the	  parasitic	  iteration	  of	  their	  bauplans,	  have	  been	  lost.	  	  Intriguingly,	  both	  parasitic	  taxa	  represent	  interesting	  cases	  of	  phenotype	  reduction	  (e.g.,	  loss	  of	  tentacles	  in	  the	  parasitic	  form),	  given	  that	  alternative,	  free-­‐living	  life	  history	  modes	  of	  both	  taxa	  (the	  polyp	  of	  E.	  lineata,	  and	  the	  medusa	  of	  
Hydrichthys)	  possess	  tentacles.	  	  	  Therefore,	  the	  loss	  of	  tentacles	  in	  the	  parasitic	  stages	  for	  both	  taxa	  might	  likely	  be	  due	  to	  the	  re-­‐arrangement	  of	  spatio-­‐temporal	  module	  expression,	  rather	  than	  the	  loss	  of	  genes	  involved	  in	  tentacle	  formation.	  	  
5.7 Conclusion Taken	  together,	  the	  research	  and	  scholarly	  activities	  of	  this	  dissertation	  have	  contributed	  to	  the	  field	  of	  evolutionary	  developmental	  biology	  in	  several	  facets	  by	  advancing:	  (1)	  theoretical	  and	  conceptual	  approaches	  (Chapter	  One);	  (2)	  ecological	  and	  descriptive	  life	  history	  characterization	  (Chapter	  Two);	  (3)	  building	  transcriptomic	  resources	  for	  the	  systems	  interrogation	  of	  the	  molecular	  basis	  for	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developmental	  phenotype	  across	  life	  histories	  (Chapter	  Three);	  and	  (4)	  functional	  characterization	  of	  axial	  patterning	  across	  life	  history	  trajectories	  (Chapter	  Four).	  	  The	  relationship	  of	  these	  research	  activities	  to	  larger	  goals	  in	  understanding	  the	  molecular	  mechanisms	  of	  life	  history	  diversity	  is	  then	  discussed	  and	  areas	  of	  promising	  future	  research	  that	  build	  upon	  this	  work	  are	  highlighted	  (Chapter	  Five).	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Figure 5.1: Composite representation of cnidarian life cycles Sexual	  reproduction	  is	  indicated	  by	  eggs	  and	  sperm.	  	  Developmental	  trajectories	  are	  represented	  as	  black	  arrows.	  	   	  
+
+
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Figure 5.2: Tentacle eruption in oral tissue morphogenesis following transverse fission and 
regeneration Two-­‐to-­‐three	  days	  following	  cleavage	  and/or	  bisection	  of	  the	  body	  column,	  tentacle	  eruption	  begins	  around	  the	  newly	  formed	  mouth.	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